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Abstract 

Computational chemistry is a useful tool for studying the aspects of chemistry 

that cannot be wholly studied in a laboratory setting, such as mechanisms, 

electronic structure, reaction barriers, and other various chemical and physical 

properties. In this dissertation, computational chemistry methods, specifically 

Density Functional Theory (DFT), is utilized to study complex catalytic systems. 

These systems include transition-metal based metalloenzymes and molecular 

catalysts that were studied utilizing electronic structure methods.  

Chapters 2, 3, and 4 focus on elucidation of catalysis, structural features, 

function, and other various properties of the [NiFe]-hydrogenase enzyme system. 

Specifically, the mechanism of catalysis was studied, appropriate models for the 

study of this bimetallic enzyme active site were determined (Chapter 2), the effect 

of mutation of highly conserved residues were analyzed (Chapter 3), and the 

influence biomimetic-inspired changes to the active site were assessed (Chapter 

4). Chapter 5 focuses on elucidating the structure and function of the non-heme 

Fe chlorination enzyme, SyrB2, in collaboration with the Bhagi-Damodaran Group. 

Chapter 6 is a study of titanium-catalyzed nitrene transfer of diazenes to 

isocyanides for carbodiimide synthesis in collaboration with the Tonks Group. 

Finally, Chapter 7 is computational determination of the chemical hardness of 

various anions, as well as the effect of stability of anion impact, selectivity and 

affinity for Gd-containing complexes in collaboration with the Pierre Group.   
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1. Introduction 

Computational chemistry is a useful tool for studying the aspects of chemistry 

that cannot be wholly studied in a laboratory setting, such as mechanisms, 

electronic structure, reaction barriers, and other various chemical and physical 

properties. In this dissertation, computational chemistry methods, specifically 

density functional theory (DFT), is utilized to study complex catalytic systems.  

DFT is a quantum mechanical method that utilizes electron density to 

determine the energy of the system of study, which is a functional of the density. 

The difficulty in this is solving for the exact ground state electron density, which is 

found through minimization of the unknown total energy functional, 𝐸𝑡𝑜𝑡[𝜌]. One 

way to overcome this is known as the Kohn-Sham (KS) DFT method.1 The KS-

DFT method uses a fictitious system of non-interacting electrons that have the 

same density as the system to be studied where there are interactions between 

electrons.1, 2  

The KS-DFT approximation allows the total electronic energy to be represented 

by equation 1.1, where each term is a functional of the electron density, 𝜌.  

 𝐸𝑡𝑜𝑡[𝜌] = 𝑇𝑠[𝜌] + 𝐸𝑛𝑒[𝜌] + 𝐽[𝜌] + 𝐸𝑥𝑐[𝜌] (1.1) 

The first term is the kinetic energy of the non-interacting electrons, followed by the 

nuclear-electron interaction energy, the classical electron-electron repulsion, and 

finally the exchange correlation energy. This term includes the corrections to the 

kinetic energy from the interaction of electrons and all of the non-classical 

corrections to the electron-electron repulsion energy.1, 2   
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The electron density is given by the description of non-interacting electrons 

through the equation 

 
𝜌(𝐫) = ∑ 𝑛𝑖|𝜓𝑖

𝐾𝑆(𝐫)|
2

𝑁𝑜

𝑖=1

 
(1.2) 

 

where 𝑁𝑜 represents some number of orthogonal orbitals, 𝜓𝑖
𝐾𝑆, which are occupied 

Kohn-Sham molecular orbitals, and 𝑛𝑖 are occupation numbers of 𝜓𝑖
𝐾𝑆. This is the 

density of the system of interest.2 Using the dependence upon the KS orbitals 

shown in eq. 1.2 for the kinetic energy term, the total electronic energy equation 

can be rewritten with exact definitions of 𝑇𝑠[𝜌], 𝐸𝑛𝑒[𝜌], and 𝐽[𝜌].  

𝐸𝑡𝑜𝑡[𝜌] = −
1

2
∑ 𝑛𝑖⟨𝜓𝑖

𝐾𝑆|∇2|𝜓𝑖
𝐾𝑆⟩

𝑁𝑜

𝑖=1

+ ∫ 𝑉𝑛𝑒𝜌(𝐫)𝑑𝐫 +
1

2
∬

𝜌(𝐫1)𝜌(𝐫2)

𝑟12
𝑑𝐫1𝑑𝐫2 + 𝐸𝑥𝑐[𝜌] 

(1.3) 

 
𝑉𝑛𝑒 is the potential due to the nuclear-electron attraction, and 𝑟12 is the distance 

between two electrons. An explicit form for the 𝐸𝑥𝑐[𝜌] cannot be written because 

this functional contains everything that is unknown. The variational principle is 

used to minimize the energy expression with respect to the orthonormalized 𝜓𝐾𝑆 

orbitals. 

 
[−

1

2
∇2 + 𝑉𝑛𝑒 + ∫

𝜌(𝐫2)

𝑟12
𝑑𝐫2 + 𝑉𝑥𝑐(𝐫1)] 𝜓𝑖

𝐾𝑆 = 𝜀𝑖𝜓𝑖
𝐾𝑆 

(1.4) 

 
These equations are called the Kohn-Sham equations, from 𝑖 = 1 to 𝑁𝑜 KS 

orbitals. The exchange potential, 𝑉𝑥𝑐, is defined as the functional derivative of 

𝐸𝑥𝑐[𝜌] with respect to 𝜌(𝐫): 

 
𝑉𝑥𝑐(𝐫) =

𝛿𝐸𝑥𝑐[𝜌]

𝛿𝜌(𝐫)
. 

(1.5) 
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When combined, the last three terms in the brackets in eq. 1.4 are called the 

effective potential, 𝑉𝑒𝑓𝑓. Therefore, eq. 1.4 can be simplified to  

 (−
1

2
∇2 + 𝑉𝑒𝑓𝑓(𝐫1)) 𝜓𝑖

𝐾𝑆 = 𝜀𝑖𝜓𝑖
𝐾𝑆 (1.6) 

The terms in the parenthesis make up the one-electron Fock operator and must 

again be solved iteratively due to the dependence upon density exhibited by the 

Coulomb term, 𝐽[𝜌].2 

The main concern with this method is that analytic expressions for 𝐸𝑥𝑐 and 𝑉𝑥𝑐 

are unknown,3 meaning that the KS-DFT approach does not produce an exact 

energy and density. However, there is a one-to-one relationship between the wave 

function and electronic density, meaning that all of the information needed can be 

found from the electronic density, in principle.2, 3  

There are limitations to the DFT method due to the dependence upon the 

exchange correlation functional. The choice of functional affects the results 

calculated, overestimating or underestimating reaction barriers, while potentially 

producing qualitatively incorrect conclusions, such as predicting untrue 

mechanisms. For transition metal complexes, DFT also poorly predicts 

spectroscopic properties, including spin state.2 Many DFT functionals also do not 

account for van der Waals interactions, however this is overcome by adding 

dispersion corrections to the calculation, which produces improved results for 

modeling systems, such as enzymes.4, 5 Additionally, appropriate benchmarking 

studies have been performed for many chemical systems,6, 7 allowing appropriate 

choice of functional for large models to be studied using electronic structure 
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methods, in addition to other features such as the dispersion corrections 

mentioned or utilization of implicit solvation models to mimic the environment of 

the system.  

In this dissertation, the study of the chemical properties of complex 

metalloenzyme systems and transition metal catalysis were performed utilizing 

KS-DFT computational chemistry methods. Chapters 2, 3, and 4 focus on 

elucidation of catalysis, structural features, function, and other various properties 

of the [NiFe]-hydrogenase enzyme system. Specifically, the mechanism of 

catalysis was studied, appropriate models for the study of this bimetallic enzyme 

active site were determined (Chapter 2), the effect of mutation of highly conserved 

residues were analyzed (Chapter 3), and the influence of biomimetic-inspired 

changes to the active site were assessed (Chapter 4).  

The subsequent chapters 5-7 are all collaboration efforts with various 

experimental research groups. Chapter 5 focuses on elucidating the structure and 

function of the non-heme Fe chlorination enzyme, SyrB2, and assessing the 

fluorination capabilities of the enzyme with the Bhagi-Damodaran group. Chapter 

6 is study titanium-catalyzed nitrene transfer of diazenes to isocyanides for 

carbodiimide synthesis with the Tonks group. Finally, Chapter 7 is computational 

determination of the chemical hardness of various anions in order study the 

stability of tripodal gadolinium complexes and the effect of anion impact, selectivity 

and affinity with the Pierre group.  
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2. Ni-Fe Hydrogenase – Study of the Mechanism and 

Enzyme Environment using Various Models of the Active 

Site 

2.1 Introduction 

Hydrogenases are metalloenzymes8-11 that catalyze the reversible reaction of 

the oxidation of hydrogen gas into protons and electrons.8, 12, 13 [NiFe]-

hydrogenase is one of these enzymes, characterized by the transition metals found 

in the active site.9, 10, 14, 15 A greater understanding of hydrogenase enzyme 

catalysis would provide insight into natural hydrogen oxidation, a vital stepping-

stone towards energetically affordable industrial scale hydrogen catalysis. These 

specific enzymes have been found to rival Pt containing active sites with turnover 

frequencies exceeding 1000 s-1 for H2 oxidation,8, 16-19 so further elucidation of the 

structure/function relationship has the potential to provide insight for development 

of transition metal catalysts. 

The [NiFe]-hydrogenase enzyme consists of αβ-heterodimers. The small β 

subunit contains three Fe-S clusters involved in transfer of electrons in/out of the 

catalytic active site, found in the large α subunit, to the surface of the protein. The 

proximal and distal clusters have the form of [4Fe-4S], while the medial cluster is 

[3Fe-4S]. Additionally, a hydrophobic gas channel for H2 extends from the active 

site to the surface in the large α subunit, along with a proton transfer pathway 

hypothesized to transfer protons from a Ni-bound terminal cysteine (Cys) residue 

to a nearby glutamic acid (Glu) residue.8, 18, 20-23  
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Notable geometric features of the active site, in addition to the two transition 

metals, include three inorganic ligands, two cyanide and one carbonyl coordinated 

to the Fe center, two Cys residues bridging between the Ni and Fe centers, and 

two Cys residues bound terminally to the Ni.14, 24-32 In order for catalysis to take 

place, the oxidized active site (Ni-A, Ni-B)8, 22, 33-35 with a formal Ni (III) oxidation 

state must undergo the dissociation of a hydroxide or peroxide ligand bound in the 

 position between the metals to enter the reduced states where catalysis occurs 

beginning with a formal Ni (II) oxidation state, Ni-SIa.31, 36-39  

 

Figure 2.1: The proposed catalytic cycle for the reduced states of the oxidation of 
H2 in [NiFe]-hydrogenase, and the possible oxidation pathways studied in this 
work. 

Lubitz and coworkers40 were able to resolve the hydrogen atoms in the crystal 

structure for [NiFe]-hydrogenase from the desulfovibrio vulgaris (d. vulgaris) 
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centers and the protonation of one of the terminal cysteine residues, specifically 

Cys-546. Based on the crystallographic data and electron paramagnetic 

resonance (EPR) spectroscopy on the non-silent states (Ni-C and Ni-L), the 

proposed mechanism of the oxidation of H2 in [NiFe]-hydrogenase was determined 

(Figure 2.1).15, 31, 38-47 

 The first half of the catalytic cycle (Ni-SIa, Ni-H2, Ni-3, Ni-R) is EPR silent32, 48 

and more stable in the singlet state than the triplet state.49-51 The oxidation states 

of the metals throughout most of the catalytic cycle are widely accepted, with Fe 

(II) remaining in the low spin oxidation state throughout catalysis,48, 52, 53 and the 

oxidation state of the Ni center fluctuating, as shown in Figure 2.1 and described 

below.   

First, H2 binds to the empty active site (Ni-SIa), coordinating exclusively to the 

Ni center (Ni-H2).49, 50 Then, one of the hydrogen atoms moves to the bridging 

position between the metals as a hydride, while the other hydrogen acts as a 

hydride coordinated to the Ni center, causing an oxidization from Ni (II) to Ni (IV).48 

This Ni-coordinated hydride then reduces the Ni (IV) to Ni (II), and transfers as a 

proton to the terminal Cys546 residue, forming the crystallographically resolved 

Ni-R intermediate.40 A proton/electron dissociation then occurs from Ni-R, the 

proton from the Cys546 leaving the active site via a hydrogen bonding network 

concurrent with oxidation from Ni (II) to Ni (III) to generate the Ni-C intermediate. 

The bridging hydride in Ni-C then reduces Ni (III) to Ni (I) with a transfer of the 

resulting proton to the Cys546 residue (Ni-L). Finally, Ni-SIa is regenerated via a 
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second proton/electron dissociation from the Ni-L intermediate, resulting in an 

oxidation from Ni (I) to Ni (II).  

 However, there are some questions remaining regarding the mechanism of 

catalysis. Ryde and coworkers48 studied the catalyst regenerations steps, Ni-C, Ni-

L, and Ni-SIa to determine whether the reaction proceeds through the Ni-L state or 

through some other mechanistic pathway to convert from Ni-C to Ni-SIa. This study 

found that the energetic barrier (21.3 kcal/mol) for the transition from Ni-C to Ni-L 

was too high when compared to the experimental net rate of the reaction, which 

translates to approximately 12.4 kcal/mol based on transition state theory.48, 54, 55  

A new pathway was proposed where the proton and electron dissociation 

occurs in separate steps instead of as a pair (as shown in Figure 2.1): (1) the Ni-

C intermediate oxidizes to [Ni-C]4+ via electron ejection, (2)  the µ-H migrates to 

the Cys-546 residue where the electrons from the H- reduce the [Ni-C]4+ to the [Ni-

L]2+ intermediate, followed by (3) H+ dissociation to regenerate the Ni-SIa 

intermediate. The barrier associated with this proposed pathway (steps 2 and 3) 

was found to be 13.9 kcal/mol relative to [Ni-C]4+. Based on this, it was 

hypothesized that the reaction would occur be Ni-C → [Ni-C]4+ → [Ni-L]2+ → Ni-SIa 

as opposed to: Ni-C → Ni-L → Ni-SIa (Figure 2.1),48 completely negating the 

formation of the Ni-L intermediate.  

However, there are still questions to be answered regarding these catalyst 

regeneration steps. The likelihood of Ni-C to proceed through a redox electron 

ejection versus a hydride transfer is one avenue of study addressed in the current 



 9 

work. Additionally, the Ni-L intermediate has been previously observed 

experimentally,38, 39, 41-43, 45-47, 56 albeit in very specific conditions, so investigation 

into the presence of the Ni-L intermediate in the catalytic mechanism is also an 

open question. 

 Computation has often been used to investigate [NiFe]-hydrogenase because 

of the difficulty associated with studying this catalysis experimentally due to the 

many EPR silent states involved in catalysis. Electronic structure methods are 

ideal for studying bond making and breaking processes, but in large biological 

systems, this is not always possible due to computational cost.3, 57 Additionally, the 

presence of two transition metals in the active site as well as three FeS clusters in 

the surrounding environment add an additional level of difficulty; transition metal 

character is not adequately captured without the use of electronic structure 

methods.6, 58 Therefore, one must instead create a model to best mimic the 

enzyme while utilizing methods that are robust enough to describe the chemistry 

happening in the active site. This can be accomplished using DFT methods, which 

are well suited for studying complex reaction mechanisms, chemical reactivity, and 

catalytic reaction kinetics.59   

In computational chemistry, accuracy is usually assessed by comparison of 

specific chemical properties to experimental or highly accurate theoretical results, 

such as coupled cluster (CC) calculations.6 However, for practical calculations for 

catalysis, the accuracy is also dependent upon the quality of the model, or how 

well it captures the important chemical details of the system. Additionally, the 
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chemistry of 3d transition metals (such as Fe and Ni) and the catalytic processes 

associated with those metals pose challenges with respect to practicality of the 

model utilized and the quality of the electronic structure methods. This creates a 

fine balance between accurately modeling a system while utilizing an appropriate 

level of theory that is effective but not impractical or computationally expensive.59  

To create a working model of [NiFe]-hydrogenase, choices must be made in 

order to balance the size of the model with the character of the surrounding 

environment. One method of doing this is to base the working model on an 

experimentally resolved crystal structure, isolating the parts of the enzyme that are 

most likely involved in catalysis, and representing the rest of the enzyme with some 

sort of potential or treated with a lower accuracy method.56, 58, 59 

One choice that is usually made is to exclude the backbone structure of the 

amino acid residues, effectively truncating the model at the various amino acid side 

chains. This method was used in many studies with DFT, where the active site 

model was cut at the carbon adjacent to the carbonyl group in the amino acid 

residue.51, 60, 61 Models used for studies with wavefunction methods were even 

smaller, cut at the carbon adjacent to the Cys S, or including just a S-H group to 

represent the Cys residue.6, 49, 50, 62 However, these models give a potentially 

incomplete view of the influence of other residues on the geometry of the active 

site and the energetics of the catalysis, losing potentially important features.  

The goal of this work is to learn information about the mechanism of the 

reaction and understand how the surrounding enzyme environment and electronic 
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structure influences the catalytic reaction of [NiFe]-hydrogenase. This is 

accomplished through study of possible redox pathways, and through analysis of 

the influence of choices made in the creation of the models and the computational 

results on this system, from an energetic and geometric perspective. This is 

achieved by using models of increasing size, from 30 atoms to 150 atoms, treated 

at the DFT level to determine the influence of degree of constraint, 

exclusion/inclusion of certain residues, and choice of crystal structure as a starting 

point for building these models.  

2.2 Computational Details 

The reaction profile of hydrogen oxidation and structure of [NiFe]-hydrogenase 

was studied with DFT using the Gaussian 09 suite version E01.63 The BP8664 

functional was used for these calculations, as previous work determined it was one 

of the best functionals when compared to CCSD and Complete Active-Space 

Second-Order Perturbation theory (CASPT2).6 Ni-SIa, Ni-H2, Ni-3, Ni-R were 

studied using the restricted BP86 formalism, while the two doublet states, Ni-C and 

Ni-L, were studied with the unrestricted BP86 formalism. All calculations were run 

using the def2-TZVP65, 66 basis set.51 

For all calculations, quadratic convergence (XQC) was used for the 

convergence of the self-consistent field (SCF) cycles, and symmetry was turned 

off. Grimme's D3 dispersion correction4 was also included. The polarizable 

continuum solvation model67 (PCM) was applied with 𝜀 = 4 to simulate the 

surrounding enzyme environment.56, 58 Frequency calculations were also 
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performed to obtain thermodynamic corrections, and any frequencies less than 50 

cm-1 were shifted to correct the fictitious large contribution caused by small 

frequencies due to the harmonic oscillator approximation. 

The free energies of the reaction intermediates were calculated relative to Ni-

SIa. For the proton/electron dissociation steps (Ni-C and Ni-L), energetic 

corrections were computed using a comparison to the standard hydrogen 

electrode (SHE) where 𝐺(𝐻+/𝑒−) =  
1

2
𝐺(𝐻2) and the Nernst equation to include 

the pH effect at physiological conditions (pH=7). The free energy for the Ni-C and 

Ni-L intermediate was calculated using  

 ∆𝐺𝑟𝑥𝑛 = 𝐺𝑁𝑖−𝐶/𝑁𝑖−𝐿 − 𝐺𝑁𝑖−𝑆𝐼𝑎
−

1

2
𝐺(𝐻2) − 2.303𝑅𝑇 × 𝑝𝐻.51 (2.1) 

Multiple crystal structures were tested, chosen from varied organisms, 

reduction states, and crystallographic resolution values. Three of the crystal 

structures tested, 4U9H (0.89Å resolution),40 1H2R (1.40Å resolution),31 and 

4UD268 (2.30Å resolution) belong to the Desulfovibrio genus. The other crystal 

structure tested, 5A4M (1.70Å resolution),69 was isolated from E. coli. These 

crystal structures were used as the starting geometries for the calculations, meant 

to preserve certain aspects of the experimentally found properties.  

In order to explore the catalyst regeneration mechanism, the redox potential 

was calculated for the electron ejection from the Ni-C and Ni-L intermediates 

compared to the redox potential of the proximal [4Fe-4S]2+/+ cluster to determine 

 
𝐸𝑎𝑛𝑜𝑑𝑒 =

−∆𝐺𝑟𝑒𝑑

𝑛𝐹
− 4.44V 

(2.2) 

 ∆𝐺𝑟𝑒𝑑 = 𝐺𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡−𝐺𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 (2.3) 
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whether the electron ejection would be a spontaneous process using the 

computational methods outlined above. The reduction potential (𝐸𝑎𝑛𝑜𝑑𝑒) of the 

electron ejection was calculated using equation 2 where ∆𝐺𝑟𝑒𝑑 (eq. 2.3) is the 

computational energy difference between the reduced and oxidized intermediates, 

𝑛 is the number of electrons involved in the redox reaction, 𝐹 is Faraday’s constant, 

and the potential is set relative to the accepted value for the hydrogen electrode 

by subtracting the value of the absolute electrode potential of the hydrogen 

electrode, 4.44 V.70, 71 We then determined the cell potential of the reaction by 

taking the difference between the cathode, in this case the redox potential of the 

proximal [4Fe-4S]2+/+ cluster from the literature (-0.300 V),18, 39 and the anode, or 

the redox potential of the electron ejection step. Model 2C (Figure 2.2) was used 

to study this phenomenon. 

The models tested during this study are portrayed in Figure 2.2 and Figure 2.3, 

named after their figure labels. Model 2A includes the two metal centers, the three 

inorganic ligands coordinated to Fe, and the Cys residues are represented by an 

S atom with a methyl group. Model 2B is similar to model 2A, but the Cys residues 

are represented by an S atom with an ethyl group. Model 2C includes the full amino 

acid unit for the four Cys residues. This model is capped at both ends of the amino 

acid, an aldehyde group capping one end, and a primary amide group on the other 

end.  Model 2D expands on 2C, including four additional amino acid residues that 

have potential interactions with the active site inorganic ligands – serine (Ser502), 

leucine (Leu482), proline (Pro478), and Pro501.51 All of these models were run 
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with the atoms highlighted in green in Figure 2.2 constrained to preserve the 

enzyme scaffolding while capturing the environment with solvation. 

 

Figure 2.2: The various models of the active site. The highlighted atoms were 
frozen in the constrained calculations. The end of the chains was capped with an 
appropriate number of hydrogens. (A) is truncated at the C position adjacent to the 
Cys S atom. (B) includes an additional C atom in the side chain of the Cys residue. 
(C) includes the entire Cys residue, and model (D) includes the entirety of (C), as 
well as four additional amino acids (Ser, Leu, and two Pro). (E) shows the atoms 
that are constrained for each amino acid in (C) and (D).  

In addition to the models tested in Figure 2.2, the degree of constraint was also 

analyzed for the different models. For the models where the active site was 

truncated at the second carbon in the Cys chain, there were three variations on 

degree of constraint tested. The first was shown previously, model 2B, where only 

the carbon on the end of the chain was frozen. Model 3A is constructed the same 

way as 2B but has both carbons in the Cys residue side chain constrained to the 

crystal structure geometry. The last is model 3B, where the carbon from 2B is 

frozen in addition to one of the terminal hydrogen atoms. Specifically, the hydrogen 

atom that is constrained is the one that replaces the carbon position of the amino 
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acid backbone when cut out of the crystal structure. These two models can be 

seen in Figure 2.3 (3A and 3B). The last model system studied is model 3C (Figure 

2.3 Model 3C); this model is similar to model 2C but an additional constraint has 

been imposed via constraining the carbon adjacent to the sulfur atoms (Figure 2.3 

Model 3D) in the active site in addition to the atoms indicated in Figure 2.2 (2C).  

 

Figure 2.3: Additional active site models with varying degrees of constraint. The 
highlighted atoms indicated the atoms frozen in the constrained calculations. The 
end of the chains were capped with an appropriate number of hydrogens. (A) and 
(B) are built from Figure 2.2 (2B), with different degrees of constraint. (C) was built 
from Figure 2.2 (2C), with additional constraints by freezing the carbon adjacent to 
the S atom. The structure shown in (D) shows the atoms that are constrained for 
each amino acid in (C).  

2.3 Results and Discussion 

2.3.1 Redox Catalyst Regeneration Steps 

As stated previously, there are questions regarding the catalyst regeneration 

steps (Ni-C, Ni-L, and Ni-SIa) that have yet to be answered. The literature 

discussed the possibilities for an alternative pathway where the electron/proton 

pair dissociation occurs in two separate steps.48 In order to study this, we 
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calculated the free energy of the redox reaction for three places in the catalytic 

cycle where oxidation steps could occur in order to determine whether these 

electron ejections could happen spontaneously, as shown in Table 2.1. The [Ni-

H2] redox intermediate was run as a doublet spin state, and the [Ni-C] and [Ni-L] 

redox intermediates both show preference to the singlet state over the triplet state. 

Table 2.1: Reduction potential (𝐸𝑎𝑛𝑜𝑑𝑒) and cell potential (𝐸𝑐𝑒𝑙𝑙) of the possible 
redox pathways indicated in Figure 2.1. 

 

The first reaction, Ni-H2 → [Ni-H2]3+ + 𝑒−, was hypothesized to be unlikely to 

occur due to the experimental evidence of the Ni-R intermediate as well as from 

the inclusion of the Ni-3 intermediate from our study as well as the literature.48 The 

results of the calculation indicate a nonspontaneous reaction, with Ecell = -0.530 V, 

meaning the reaction will most likely proceed from Ni-H2 to Ni-3 instead of an 

electron ejection. The next reaction tested, Ni-C → [Ni-C]4+ + 𝑒−, was also found 

to be nonspontaneous with Ecell = -0.375 V, indicating that the pathway proposed 

by Dong et al. would most likely not occur in the enzyme without external 

influence.48  

The last reaction studied, Ni-L → [Ni-L]2+ + 𝑒−, was calculated to be 

spontaneous, Ecell = 0.030 V. This implies that to regenerate the Ni-SIa state, the 

proton/electron pair dissociation happens in separate steps, with the electron 

 𝐸𝑎𝑛𝑜𝑑𝑒  (𝑒𝑞. 2.2) 𝐸𝑐𝑒𝑙𝑙  (𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒) 

Ni-H2 → [Ni-H2]3+ + 𝑒− 0.194 V -0.494 V 

Ni-C → [Ni-C]4+ + 𝑒− 0.075 V -0.375 V 

Ni-L → [Ni-L]2+ + 𝑒− -0.541V 0.241 V 



 17 

ejection happening prior to the proton dissociation. For clarity, the reaction profiles 

discussed below will only include the Ni-L intermediate, but mechanistically the 

catalytic cycle would most likely proceed as Ni-L → [Ni-L]𝟐+ + 𝒆− → Ni-SIa + 𝑯+. 

2.3.2 Crystal Structure Independence 

The next aspect of the [Ni-Fe]-hydrogenase active site we examined was the 

effect of the crystal structure. We performed this by studying the reaction profile 

for the 4U9H (blue), 4UD2 (green), 5A4M (red), and 1H2R (gold) crystal structures 

to determine if there are any major energetic differences between each structure. 

The results are shown in Figure 2.4, plotted in terms of change in free energy (in 

kcal/mol) relative to the Ni-SIa state as a reaction profile. Each crystal structure 

was truncated and constrained as shown in model 2B, where the cysteine residue 

is represented as SCH2CH3 with the carbon in the  position to the S atom frozen.  

 

Figure 2.4: Comparison of 4U9H (blue), 4UD2 (green), 1H2R (yellow), and 5A4M 
(red) crystal structures, in kcal/mol set relative to Ni-SIa using the model with the 
carbons at the end of each Cys side chain frozen as seen in Figure 2.2 (2B).  
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In Figure 2.4, we can see that, with the exception of the Ni-L geometry, the 

largest energy differences between the intermediates are less than 2.6 kcal/mol, 

indicating that choice of crystal structure geometry has minimal effect on 

calculation starting point. The energetic stability in the reaction profile indicates 

that the free energy is independent of the crystal structure chosen as the start for 

the calculation. Additionally, the energy difference from the highest energy 

intermediate (Ni-H2) to the lowest energy intermediate (Ni-C) is 21.1 (4U9H), 22.4 

(4UD2), 21.5 (1H2R), and 22.0 (5A4M) kcal/mol. These energies are within a span 

of 1.3 kcal/mol, further indicating that the reaction profile is not dependent upon 

which crystal structure is chosen.   

The data for the Ni-L intermediate shows energies that vary by up to 4.6 

kcal/mol, so the literature was consulted to help determine which crystal structure 

would prove the best selection. In Dong et al., it was determined that the free 

energy difference between Ni-C and Ni-L was approximately 5.4 kcal/mol;48 these 

Quantum Mechanics/ Molecular Mechanics (QM/MM) calculations were performed 

on a much larger system where all chemical groups within 4.5 Å of the active site 

(819 atoms) were treated in QM region of the calculation. Energies were 

extrapolated to the B3LYP/def2QZVPD functional and basis set, therefore we will 

use this as a benchmark for the energy difference between Ni-C to Ni-L. In the 

data shown in Figure 2.4, the Ni-C to Ni-L energy changes were 6.5 (4U9H), 7.0 

(4UD2), 3.0 (1H2R), and 3.3 (5A4M) kcal/mol. The energy difference observed in 

the 4U9H geometry most closely matches the energy difference in the literature, 
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however the other crystal structures provide different values by at most 2.4 

kcal/mol. This indicates relative consistency in the net energy change between the 

Ni-C and Ni-L intermediates across all structures, which is interpreted as choice of 

crystal structure having minimal effect on the energetics of catalysis.  

From this information, the 4U9H crystal structure was chosen as the starting 

geometry for subsequent calculations, which is crystal structure isolated with 

hydrogens resolved in the active site for the Ni-R intermediate.40 Additionally, we 

have shown that the choice in crystal structure does not greatly influence the 

reaction, and that the 4U9H crystal structure had only the smallest deviation from 

to the literature value of Ni-C to Ni-L energy difference.  

2.3.3 Geometric Results for Increasing Model Size 

In order to determine the best model to use to accurately describe the 

energetics and geometry of the reaction with respect to the enzyme scaffolding, 

the active site model was expanded from 4U9H crystal structure. In addition to 

providing information about the best model to use, we can also extrapolate 

structural information regarding which features play major roles in catalysis. For 

example, some of the models tested show local active site geometry deviations 

which can produce nonminimal energetic changes. This phenomenon is discussed 

in this section.  

The geometry of the Ni-R intermediate, which was resolved crystallographically 

with H atoms, had deviations in the bond lengths for the Ni-S bond (Table 2.2) that 

are only found in some models that do not include the entire amino acid backbone. 
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Since the crystal structure was isolated in the Ni-R state, we can compare the 

geometric parameters from our calculations to the values determined 

experimentally. For most of the bonds in the local structure of the active site 

[(RS)2Ni(SR)2Fe(CO)(CN)2] where SR=Cys, the deviations are less than 0.03 Å.  

Table 2.2: Bond lengths of the highlighted Ni-S bond in the Ni-R intermediate for 
various models of the [NiFe]-hydrogenase active site. Selected values that deviate 
from the data set are bolded in red. These are ordered by increasing model size 
and degree of constraint.  

 

Model Ni-S Bond Length 

at Ni-R (Å) 

∆Grxn at Ni-R 

(kcal/mol) 

4U9H 2.54 N/A 

2A 3.15 5.98 

2B 2.78 13.86 

3A 2.94 -3.64 

3B 2.68 4.31 

2C 2.69 7.07 

3C 2.63 5.62 

2D 2.69 4.74 

 

However, the Ni-S bond mentioned does deviate more drastically, which is 

visually apparent in Figure 2.2 (2A) as well as quantitatively indicated in Table 2.2. 

Upon investigation into the more constrained models - specifically the 2A and 3A 

Ni

S

S S

Fe CO

CN

CN
S
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geometries where the C atom adjacent to the cysteine residue S atom is frozen - 

we see an increase in bond lengths of 0.4 Å or larger. When visualized, it becomes 

clear that this phenomenon is caused by the bridging S atom swinging towards the 

Fe center forming a pseudo-octahedral geometry. This is also seen in the 2B 

model.  

Analyzing the degree of constraint can help illuminate what effects these 

constraints offer. In model 3B, the additional constraint imposed by freezing the 

hydrogen atom actually decreases the bond length of the Ni-S bond to 2.68 Å (from 

2.78 Å in 2B and 2.94 Å in 3A). This bond length is in good agreement with the 

larger models tested, indicating a sensitivity to the choices made in model curation. 

Specifically, constraints placed too close to the active site atoms cause unphysical 

distortions of the geometry, but certain constraints further away from the active site 

atoms, as in model 3B, actually correct the geometric distortions without expanding 

the model.  

The other model tested with increased constraint was model 3C, which had a 

bond length closest to the crystal structure value, differing by only 0.09 Å. This 

implies that when the model is expanded to include the full amino acid residue, the 

elongated Ni-S bond is not observed regardless of the degree of constraint of the 

C atoms adjacent to the Cys S atoms. 

Another metric used to analyze the geometries of the various models tested 

are the  parameters to quantify the geometric distortion for the system of study. 

In this work, the 4
72 and 5

73 parameters were utilized to describe the level of 
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distortion of the geometry centered at the Ni atom. These parameters were 

calculated by: 

 
4 =

360 − (𝛼 + 𝛽)

141
 (2.4) 

 
5 =

|𝛽 − 𝛼|

60
 (2.5) 

Where 𝛼 and 𝛽 are the largest bond angles in the portion of the system being 

analyzed. The 4 parameter was used to describe the four-coordinate geometry 

consisting of [(RS)2Ni(SR)2] for all intermediates; the 5 was used to describe the 

five-coordinate geometry [(RS)2Ni(H)(SR)2] for the Ni-3, Ni-R, and Ni-C 

intermediates. For the 4 parameters, 0 indicates a square planar geometry while 

1 indicates a tetrahedral geometry. The denominator of eq. 2.4 was chosen as 141 

in order to allow the value of 1 to be assigned to a tetrahedral geometry; assuming 

a perfect tetrahedral bond angle of 109.5, the difference of the sum of these 

angles to 360 is 141. For the 5 parameters, 0 indicates a square pyramidal 

geometry while 1 indicates a trigonal bipyramidal geometry.  

Based on this data, there is not much deviation in the local geometry of the Ni 

center.  Most of the 4 parameters (Table 2.3) indicate a geometry that is in 

between a square planar structure and a tetrahedral structure, whereas the 5 

parameters (Table 2.4) show a preference towards a square pyramidal geometry 

with a slight distortion. The few deviations seen in the data exist in the smaller 

model sizes: the Ni-SIa intermediate for model 2B has a smaller 4 parameter value 
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than the rest of the data set, deviating by 0.11 from the average value (0.46) for 

Ni-SIa across all models tested.  

Table 2.3: Values of 4 parameters for all models including each intermediate 
involved in catalysis as depicted in Figure 2.1. Selected values that deviate from 
the data set are bolded in red. 

Model 
Intermediate 

Ni-Sia Ni-H2 Ni-3 Ni-R Ni-C Ni-L 

2A 0.53 0.51 0.51 0.51 0.46 0.49 

2B 0.35 0.49 0.55 0.53 0.56 0.47 

3A 0.51 0.54 0.54 0.54 0.53 0.49 

3B 0.47 0.52 0.53 0.54 0.55 0.52 

2C 0.43 0.51 0.54 0.57 0.53 0.53 

3C 0.50 0.54 0.54 0.55 0.52 0.51 

2D 0.43 0.52 0.53 0.56 0.53 0.54 

 

Table 2.4: Values 5 parameters for all models including each intermediate 

involving a bridging -H involved in catalysis as depicted in Figure 2.1. Selected 
values that deviate from the data set are bolded in red. 

Model 
Intermediate 

Ni-3 Ni-R Ni-C 

2A 0.22 0.01 0.16 

2B 0.14 0.12 0.11 

3A 0.13 0.01 0.15 

3B 0.17 0.12 0.12 

2C 0.18 0.09 0.19 

3C 0.18 0.14 0.20 

2D 0.20 0.11 0.18 

 

Additionally, the inclusion of the -H influences the geometry for the Ni-R 

intermediate for models 2A and 3A. For both models, the 5 parameter is smaller 

than all other models, indicating a geometry much closer to square pyramidal than 

the other models tested. The most likely cause of this deviation is the constraint of 
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the C atom adjacent to the S atom in the cysteine residues. In model 3C, however, 

that same C atom is frozen while including the entire amino acid residue. This 

results in a much larger increase in the 5 parameter – 0.01 in 2A and 3A compared 

to 0.14 in 3C - indicating that the geometric distortions from truncating the amino 

acid and constraining the model at the C atom adjacent to the S atom are corrected 

when the entire cysteine residues are included in the calculation.  

In order to get reasonable geometries compared to the experimentally 

determined crystal structure, enough of the active site must be included. It was 

shown that some smaller models (2A, 2B, 3A) do not adequately represent the 

active site geometry. As can be seen with the models where the levels of constraint 

were analyzed, the local structure of the active site is sensitive to degrees of 

constraint imposed for model sizes that do not include the entire amino acid 

residue. This effect can be negated by constraining hydrogen atoms as seen in 

model 3B. This leads to the conclusion that the amino acids are important to the 

stabilization of the local geometry of the active site in this enzyme, but the local 

geometry can still be adequately captured by smart choices in atom constraint.  

2.3.4 Energetic Results for Increasing Model Size 

We have found that inclusion of certain features of the active site and the 

subsequent choices in constraint influence the [(RS)2Ni(SR)2Fe(CO)(CN)2] 

structure. As we will show in this section, the influence of these geometric 

distortions does affect the energetics of the reaction. Additionally, we find that the 

inclusion of additional amino acid residues (specifically the ones in model 2D) does 
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not influence the energies. From all this data, we found that as long as the structure 

of the [(RS)2Ni(SR)2Fe(CO)(CN)2] core is maintained, the energies do not 

change, meaning the local active site structure has the largest influence on the 

function and activity of [NiFe]-Hydrogenase.  

In Figure 2.5, we can see the reaction profile for the active site models that 

have only the end of each amino acid chain frozen, which includes models 2A, 2B, 

2C, and 2D (indicated in Figure 2.5). The energetics for these for models were 

plotted with respect to the Ni-SIa intermediate, and follows the mechanism shown 

in Figure 2.1.   

Between model 2A and 2B, a large energy difference can be seen. However, 

once the active site is expanded to include the entire cysteine residues (models 

2C and 2D), the reaction profile becomes consistent with model 2A, showing that 

energetically, model 2B does not adequately capture the character of the active 

site during catalysis. This is further proven by the fact that the intermediate 

energies for 2B are too high when compared to the experimental net rate of the 

reaction.48, 54, 55  

When the active site is expanded from 2C, we include four amino acid residues   

with potential interactions with the inorganic ligands bound to the Fe center (model 

2D). We see energetic results that correspond with model 2C and can conclude 

that the four amino acid residues do not influence the free energy profile.  This 

indicates the lack of electronic or long-range contributions to the active site from 

these residues that is not already captured by the solvation model.  
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Figure 2.5: Comparison of various model sizes using the 4U9H crystal structure 
with frozen carbons at the ends of cysteine side chains as seen in Figure 2.2. 

One very important detail of the reaction profile is the inclusion of the Ni-3 

intermediate. In the literature,51 this intermediate is often overlooked because it is 

assumed to have no influence the reaction since the energy of the intermediate is 

within 1 kcal/mol of the previous step, Ni-H2. In our results, this trend is true for 

models 2A and 2B (as seen in Figure 2.5), with differences between the Ni-H2 and 

Ni-3 intermediate at 0.1 kcal/mol and 0.3 kcal/mol respectively. However, upon 

expansion of models to where the entire amino acid residue is included (models 

2C and 2D), this is no longer the case - the Ni-3 intermediate is approximately 3 

kcal/mol higher in energy than the previous step and is the highest energy 

intermediate. This phenomenon was only captured when a large enough model 

was used to describe this reaction, indicating the importance of model size in 

providing mechanistic insight into the catalytic process. Other groups have recently 

included this intermediate into the study of this mechanism where it was 
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hypothesized to be a hydride bound to a Ni (IV) center with the -H bound between 

the Fe and Ni metals. This was shown with Density Matrix Renormalization Group 

(DMRG)-CASPT2 calculations.48  

Additionally, energies for 2C and 2D only differ by 0-2.4 kcal/mol for all the 

intermediates; the peak to trough energy (P2T) difference, which is between the 

highest energy intermediate (Ni-3) and the lowest energy intermediate (Ni-C), is 

19.5 kcal/mol for 2C and 19.7 kcal/mol for 2D, indicating that the reaction profile 

for these two models are almost identical. 

Based on the geometric and energetic data discussed to this point, we can say 

that models 2C and 2D are examples of models that adequately represent the local 

structure of the active site and are the best models to use without considering 

degree of constraint. This is due to the small deviations between the energies of 

the intermediates, the consistency in peak to trough energy differences, and the 

structural information from Section 2.3.3. We can further infer that the inclusion of 

the Cys amino acid backbones adds additional long-range interactions that were 

not captured in the smaller models, supporting the conclusion that the main 

influence on the catalytic function of the enzyme is the structure of the active site.  

2.3.5 Effect of Degree of Constraint on Energy 

The models shown in Figure 2.3 were also energetically analyzed to determine 

the effect of additional constraints of the amino acid residues. We have shown that 

certain constraints, specifically freezing the C atoms adjacent to the S atoms in the 

cysteine residues, impact the geometry of the local structure of the active site. In 
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this section, we will discuss the impact the degrees of constraint studied on the 

energy profile of catalysis. We found that certain constraints (model 3B) cause the 

[(RS)2Ni(SR)2Fe(CO)(CN)2] structure to match the already discussed appropriate 

models of the active site (models 2C and 2D), and this phenomenon is also 

reflected in the energetic data, further supporting our conclusion that the main 

factor that influences the catalytic activity of [NiFe]-hydrogenase is the structure of 

the core active site. This data is shown in Figure 2.6. 

 

Figure 2.6: Comparison of various model sizes and degrees of constraint using the 
4U9H crystal structure with atoms frozen as seen in Figure 2.3. 

Model 3A, when compared to the analogous model 2B, corrects the energy 

shift observed in Figure 2.5. However, freezing the C atom adjacent to the cysteine 

S atom seems to overcorrect in this case – the Ni-R, Ni-C, and Ni-L intermediates 

are 9.5, 8.7, and 5.8 kcal/mol lower in energy than the average energies for models 

2C and 2D (5.9, -11.0, and -3.6 kcal/mol for Ni-R, Ni-C, and Ni-L, respectively). 

Additionally, rather than Ni-3 being the highest energy intermediate, Ni-H2 was 
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found to have a peak to trough energy difference of 24.5 kcal/mol, approximately 

5 kcal/mol higher than the corresponding energy for models 2C and 2D. This leads 

us to believe that this model of the active site, while within the range indicated from 

the experimental rate,50 does not adequately represent the energetics of the 

reaction.  

 While models 2A and 3A struggle to describe the active site due to the small 

model size, the choice of constraining the C atom at the end of the SCH2CH3 chain 

with an adjacent H atom seems to appropriately correct both the energetics and 

geometry of the active site. As shown from the results in section 2.3.3 model 3B 

does not show the distortion of the Ni-S bond length in Ni-R that is seen for models 

2A, 2B, and 3A, and does not show deviation within the  parameter datasets.  

 Energetically, this data matches very nicely with the data shown in section 2.3.4 

for models 2C and 2D. For ease of reference, model 3B will be compared to model 

2C, as that is the smallest model that has been shown to have reasonable 

energetic and geometric data at this point. The energy values for each intermediate 

in 3B when compared to 2C differ by 0.2-2.8 kcal/mol, which is the same 

approximate range as the values discussed previously. Additionally, the P2T 

energy difference for 3B is 18.5 kcal/mol, within 1 kcal/mol of the value found for 

2C. There is very good agreement between models 2C and 3B, which leads to the 

conclusion that one must either include the entire residue for the active site 

cysteines or make correct choices in constraints to appropriately describe the 

active site geometrically and energetically. This is due to catalytic cycle sensitivity 
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to active site geometry, so even without the amino acid residues, model 3B is able 

to properly represent the active site. 

 The last model shown in Figure 2.6 is model 3C, which is analogous to 2C but 

with extra constraints included by freezing the C atom adjacent to the cysteine S 

atom. The energies of intermediates Ni-R, Ni-C, and Ni-L are in good agreement 

between 2C and 3C, differing by 1.2-2.4 kcal/mol. However, the first two 

intermediates, Ni-H2 and Ni-3, deviate by 3.1 and 4.5 kcal/mol respectively, with 

3C being lower in energy. This causes a different intermediate to become the 

highest energy: for model 3C this is Ni-R, but for most of the other models tested 

the highest energy intermediate is Ni-3. Model 3C is the only one exhibiting this 

character, indicating that the extra constraint does impact the reaction profile in 

unexpected ways even though the Ni-R/Ni-C P2T energy difference (18.7 kcal/mol) 

is within the range of the other models tested. 

 When the additional carbon constraint was added to model 3A, a net decrease 

in energy for the reaction profile was observed, providing an explanation for the 

decreased energies for the Ni-H2 and Ni-3 intermediates calculated from model 

3C. While we have shown that increasing the size of the model by utilizing the 

entire cysteine amino acid residues as opposed to just the truncated side chain 

(SCH3 or SCH2CH3) corrects for various unphysical phenomenon, it is possible 

that not all these effects were corrected upon active site expansion with model 3C. 

This model was able to describe the Ni-R, Ni-C, and Ni-L states consistently with 
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respect to model 2C, but the decrease in energy for the first two states is most 

likely a product of the increased rigidity of the active site.  

 Constraints adjacent to the active site appear to cause a decrease in the free 

energy of the intermediates regardless of the size of the model used. This can be 

seen in model 3A and model 3C in Figure 2.6. However, the additional constraint 

added to the end of the chain used in model 3B seems to represent the energetics 

of the active site in a way that is consistent with the larger models 2C and 2D, with 

both the comparable peak to trough energy differences and the small deviations in 

the free energies of the intermediates involved in catalysis.  

 Given all the results discussed, we can say the two best models to describe 

catalysis in [NiFe]-hydrogenase are models 2C and 3B. While curating appropriate 

theoretical models is important with regards to finding a balance between 

computational cost and accuracy,59 we are also able to extrapolate information 

about the structure/function relationships for this enzyme. We found that slight 

changes in the active site structure [(RS)2Ni(SR)2Fe(CO)(CN)2] cause changes 

to the reaction profile, and that the solvation model captures the enzyme 

environment well enough, as indicated by the lack of energetic changes found from 

the inclusion of additional amino acid residues 

2.4 Conclusion 

[NiFe]-hydrogenase was studied computationally using DFT with implicit 

solvation to better understand the mechanism of the catalytic cycle and elucidate 

information about the active site that influences catalysis. This was done by 
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calculating the redox potential of certain intermediate steps, comparing different 

models with varying features such as increasing model sizes, inclusion of 

additional amino acid residues, and degree of constraint, all using models built 

from experimentally resolved crystal structures.  

It was found that the Ni-L intermediate most likely goes through an electron 

ejection to the proximal [4Fe-4S]2+/+ cluster prior to proton dissociation via a 

hydrogen bonding network, regenerating the Ni-SIa catalyst. Choice of crystal 

structure does not affect the energetics of the reaction profiles, as shown by the 

results in Section 2.3.2 where four different crystal structures were utilized to 

create the model of the active site used for the subsequent calculations.  

From all the energetic and geometric data discussed in this paper, we have 

determined that the major factor influencing catalytic activity must be the local 

geometry of the active site. When building these model systems, enough of the 

enzyme must be included, or smart choices in constraint must be used, in order to 

appropriately optimize this local geometry. 

 The choices made in construction of a model system for the active site were 

analyzed by comparing geometries and free energies between the models tested 

in conjunction with the literature. It was found that one must include either the entire 

amino acid residue or have the appropriate constraints (models 2C, 2D, 3B) to get 

reasonable geometries of the active site. This trend also holds true through the 

energetic analysis; correct choices in constraint must be used regardless of how 

much of an amino acid residue is included, however, the inclusion of the entire 
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residue usually improves results. Models 2C, 2D, 3B are the best ones to use to 

study catalysis in [NiFe]-hydrogenase using electronic structure methods.  

All of this data points to the overarching conclusion that the structure of the 

core [(RS)2Ni(SR)2Fe(CO)(CN)2] of the active site mediates the catalytic activity 

of the active site. Slight distortions in the geometry influence the energetics, 

meaning that the structure of the active site plays the largest role in enzyme 

catalysis, and any future attempts to mimic the H2 oxidizing activity should focus 

on mimicking the structure of the active site as closely as possible, while also 

retaining the redox character of the active site.   
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3. Ni-Fe Hydrogenase – Mutation of Highly Conserved 

Amino Acid Residues in the Local Environment of the 

Active Site 

3.1 Introduction 

The structure and function of the [NiFe]-hydrogenase enzyme were discussed 

in depth in Section 2.1. Additionally, the mechanism was discussed with regards 

to the crystal structure (4U9H) by Lubitz et al.,40 where the bridging -H was 

isolated via X-Ray crystallography (Ni-R, Figure 2.1), as well as the possible 

electron ejection48 of the catalyst regeneration steps (Ni-L and [Ni-L]2+, Figure 2.1). 

Within the structure of the enzyme, there are highly conserved residues in the 

region surrounding the inner coordination sphere, which is comprised of 

[(RS)2Ni(SR)2Fe(CO)(CN)2].8 From the literature based on crystallographic data 

from E. coli Hyd-1 (PDB: 3USE74), the highly conserved residues, apart from the 

four Cys residues, are arginine (Arg509), aspartic acid (Asp574), Asp118, and 

Glu28.16  

Interestingly, the Arg509 residue is in a position where the guanidine tail hangs 

over the active site, causing one of the N atoms to reside within 4.5Å of the metal 

centers. This distance is favorable for a frustrated Lewis pair (FLP) style 

mechanism, where the combination of a Lewis acid and a Lewis base cannot form 

a “traditional” complex due to steric hindrance, however permits other reactions 

such as H2 formation and decomposition.75 For the case of [NiFe]-hydrogenase, 

the FLP mechanism polarizes the H2 molecule for heterolytic cleavage through 
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simultaneous binding to the acid, in this case the metal center(s), and the base, 

the Arg509 residue.69  

The functionality of the Arg residue was studied by Armstrong and coworkers 

as this residue, prior to publication of this work, had never been experimentally 

investigated.69 The assumed role of the residue was a structural stabilizing one, 

where one of the guanidine N atoms provides a hydrogen bonding interaction with 

one of the Fe coordinated CN ligands.25, 28 It was also thought that the residue was 

part of a proton transfer pathway,76 however it is more likely that the conserved 

Glu28 residue is the starting point for this proton transfer channel.8, 21, 23 

 In this work, three of the conserved residues in the “canopy” hanging over the 

active site were mutated to observe the effect on catalysis. Arg509 was mutated 

to a lysine (Lys) residue, Asp118 and Asp574 were replaced by asparagine (Asn), 

and Asp118 was also replaced by alanine (Ala). The results of the study of the 

turnover rates for the various mutated enzyme complexes are shown below in 

Figure 3.1.69   

It was found that the mutated variants had decreased H2 oxidation activity – the 

Lys mutated R509K species showed 0.8% the activity found in the native enzyme. 

Additionally, the local geometry/inner coordination sphere is preserved regardless 

of the changes made to the canopy residues.69 Therefore, an FLP mechanism was 

proposed where, with transient deprotonation, the Arg509 acts as the strong base 

necessary for H2 cleavage.16 This mechanism also shares similarities with [FeFe] 
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hydrogenases77 and mimetic enzyme-inspired Ni pincer complexes which utilize 

pendant amine groups as proton acceptors.78, 79  

 

Figure 3.1: Comparison of activities for Hyd-1 and variants investigated in this 
research. The average turnover rate (s−1) is given for each enzyme, with error bars 
indicating the standard error of the mean (s.e.m.) of at least 20 repeats with at 
least 2 different preparations of each enzyme (see also Supplementary Table 3 
from the original publication).69 

Republished with permission of Springer Nature BV from Evans, R. M.; Brooke, E. J.; 
Wehlin, S. A. M.; Nomerotskaia, E.; Sargent, F.; Carr, S. B.; Phillips, S. E. V.; Armstrong, 
F. A. Nat. Chem. Biol. 2016, 12, 46-50. Copyright 2015; permission conveyed through 
Copyright Clearance Center, Inc 

 Given the experimental data indicating the importance of the Arg residue, we 

studied the various effects of the enzyme mutations using computational methods. 

In Section 2, we carefully investigated the structure and function of [NiFe]-

hydrogenases by analyzing the energetics, the geometry of the enzyme 

environment surrounding the active site, and the mechanism of the catalysis. Using 

model 2C (Figure 2.2) as the base, we studied the effect of mutating the highly 

conserved residues in d. vulgaris [NiFe]-hydrogenase (PDB: 4U9H), specifically 

mutations at the Arg479 and Asp123 residues.  



 37 

3.2 Computational Details 

The mutations of the highly conserved residues were studied with the same 

computational methods outlined in Section 2.2. Gaussian 09 suite version E0163 

was used for the geometry optimizations and frequency calculations using 

BP8664/def2-TZVP.65, 66 The singlet states (Ni-SIa, Ni-H2, Ni-3, Ni-R) were run with 

the restricted DFT formalism, while the doublet states (Ni-C and Ni-L) were run 

unrestricted. Grimme's D3 dispersion correction4 was included in addition to 

PCM67 with 𝜀 = 4 to simulate the surrounding enzyme environment.56, 58 

Frequency calculations were also performed to obtain thermodynamic corrections, 

and any frequencies less than 50 cm-1 were shifted. The free energies for Ni-C and 

Ni-L were calculated with the same formalism in Section 2.2 eq 2.1.   

The model used for this work is shown in Figure 3.2, where model 2C from 

Figure 2.2 was used as the base, and additional amino acid residues were added. 

The amino acid backbones were constructed as shown in the black box (Figure 

3.2), and the atoms denoted with an asterisk show the atoms that were constrained 

in the calculation. The additional “canopy” amino acids included in our structure 

are Arg479, Asp123, and Asp544, following the residue numbering scheme of the 

4U9H crystal structure. Pro545 was included as well because it is the residue that 

connects Asp544 to Cys546. Excluding this residue created issues with 

overlapping frozen coordinates, and as shown in previous work including additional 

amino acid residues (model 2D, Figure 2.2 and Figure 2.5), the residues that do 
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not directly interact with or influence the active site do not cause changes to the 

resultant energetics, so the additional residue is not expected to affect the study. 

 

Figure 3.2: Model used to study various mutations of the active site of [NiFe]-
hydrogenase. The base model for the local active site structure comes from Figure 
2.2 model 2C. The additional amino acids included are labelled and the ends are 
frozen following the scheme indicated by the asterisks on the amino acid backbone 
shown in the figure.  

 Two of the mutated enzymes from Figure 3.1 were studied – the Arg mutated 

to Lys, and the Asp mutated to Ala. These amino acid changes are shown in Figure 

3.3. Changing the R479 to K479 preserves the basicity and mostly maintains the 

length of the side chain. The D123A provides a shorter and hydrophobic side 

chain, which also limits the possibility of hydrogen bonding to the R479 residue. 
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This allows for more flexibility of the side chain of R479 to further study the 

structural influence of this seemingly important residue.   

 

Figure 3.3: The two mutations studied were (A) R479 residue (blue) mutated to a 
Lys (red) residue and (B) D123 residue (green) mutated to an Ala residue (pink). 

 Finally, Visual Molecular Dynamics, VMD, 1.9.380 was used to create Figure 

3.5, where the various mutated models were overlayed to analyze any geometric 

distortion caused by the changes to the amino acids.  

3.3 Results and Discussion 

3.3.1 Energetic Comparison of different mutations 

We compared the reaction profiles of the wild type enzyme (green), the R479K 

mutated model (gray), and the D123A mutated model (yellow) (Figure 3.4). The 

reaction proceeds through the same mechanism outlined in Section 2: H2 binds to 

the Ni center in the active site (Ni-H2) followed by an elongation of the H-H bond 

resulting in formation of a -H (Ni-3). The hydride remaining on Ni then migrates 

to the S of Cys546 to form the Ni-R intermediate. From here, the proton on Cys546 

dissociates as the Ni center oxidizes from Ni (II) to Ni (III) (Ni-C). Following a 

reduction of the Ni from +3 to +1 and migration of the -H as H+ to the Cys546 
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residue (Ni-L), the catalyst is regenerated through an electron ejection step ([Ni-

L]2+) followed by proton dissociation (Figure 2.1).  

   

Figure 3.4: Reaction profile of the Wild type (green), R479K (yellow) and D123A 
(gray) enzyme models, set relative to the bare geometries.  Energies reported are 
in kcal/mol and calculated using the scheme discussed in Section 2.2. 

 The energetics of the wild type model are in agreement with the work shown in 

Section 2. The wild type model in the current section has a peak to trough energy 

of 18.6 kcal/mol. Models 2C, 2D, and 3B, which were determined to be the most 

accurate models tested for describing the catalysis in [NiFe]-hydrogenase, were 

found to have peak to trough energies of 19.5 kcal/mol, 19.7 kcal/mol, and 18.5 

kcal/mol, showing the inclusion of the additional residues does not change the 

overall catalytic activity of the enzyme. Additionally, when the energies of the 

intermediates are compared between the wild type model and the model it was 

built from (model 2C), the energies for the wild type model are all within 2.2 

kcal/mol. 
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 When the wild type model and R479K are compared, there are no major 

energetic deviations found. The energies of all the intermediates when comparing 

the wild type and R479K models are all within 2 kcal/mol, and the P2T energy for 

R479K is only 0.5 kcal/mol higher than the wild type at 19.1 kcal/mol. According to 

these energetic results, the catalytic activity does not decrease upon mutation of 

the R479 residue (wild type) to a Lys residue (R479K), even though experimental 

data indicates a shutdown in catalysis with this change.69 We observe a similar 

trend when analyzing the D123A model. The P2T energy of 18.9 kcal/mol is 

consistent with the other energies discussed previously, indicating no change in 

the catalytic activity compared to the wild type and R479K models.  

 These results are surprising – experimental data shows that the D123A 

mutation has 26% and the R479K mutation has 0.8% of the H2 oxidation activity 

of the wild type enzyme.69 Since we see no obvious reasons for this shutdown of 

catalytic activity through analysis of the energetics, we next turn to the geometric 

structure of the various models tested.  

3.3.2 Geometric Comparison of different mutations 

As with the previous section, we use various metrics to quantify the deviations 

in the geometry of the active site and surrounding amino acid residues. To quantify 

the distortion about the Ni center, we use the 4
72 and 5

73 parameters (Section 

2.3.3 eq 2.4 and 2.5). The results of the 4 parameters are shown in Table 3.1 and  

Table 3.2 for the 5 parameters. For the 4 parameters, 0 indicates a square 

planar geometry while 1 indicates a tetrahedral geometry. For the 5 parameters, 
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0 indicates a square pyramidal geometry while 1 indicates a trigonal bipyramidal 

geometry. 

Table 3.1: Values of 4 parameters for all the intermediates of the three models 
tested (Figure 3.4).  

Intermediates 
Models 

Wild Type R479K D123A 

Ni-Sia 0.42 0.42 0.42 

Ni-H2 0.52 0.52 0.52 

Ni-3 0.54 0.55 0.54 

Ni-R 0.57 0.57 0.56 

Ni-C 0.53 0.59 0.52 

Ni-L 0.55 0.56 0.55 

 

Table 3.2: Values 5 parameters all the intermediates involving a bridging -H of 
the three models tested as depicted in Figure 3.4.  

Intermediates 
Models 

Wild Type R479K D123A 

Ni-3 0.19 0.18 0.18 

Ni-R 0.09 0.10 0.09 

Ni-C 0.21 0.10 0.15 

 
When we compare the values for each intermediate between the models, we 

find very few discrepancies with regards to the orientation of the atoms coordinated 

to the Ni center. For the 4 data, only the Ni-C intermediate set deviates by more 

than 0.01, and that difference between the largest value (R479K) and the smallest 

value (D123A) is only 0.7. In comparison to the data collected for the various model 
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sizes, this geometric difference is small (in Table 2.3, the average 4 value is 0.48 

without model 2B (4=0.35), making the difference 0.13).  

 For the 5 parameters, the deviation between the values for Ni-3 and Ni-R is 

0.01, indicating there is no quantifiable change of the orientation of the four S 

atoms and the -H at the Ni center. For Ni-C, we do see a change of 0.11 between 

the wild type and R479K, however the energy difference between these two 

models is 0.3 kcal/mol, which suggests this difference in the 5 parameter does not 

influence the reaction.  

 To further support the claim that there is little change among the local active 

site structure between these mutated models, selected bond lengths were 

analyzed focused on the core structure of the active site, 

[(RS)2Ni(SR)2Fe(CO)(CN)2] where SR stands for the Cys residues. These bond 

lengths were compared for each intermediate, and we found that all of the bond 

lengths only differ, at most, by 0.05Å, and most of them differ by only 0.01Å. These 

results further prove that changing these “canopy” ligands does not change the 

local active site geometry, which has been found to play a large role in the catalytic 

activity of the enzyme (Sections 2 and 4).  

 The last feature that we will discuss is the overall geometric distortions of the 

entire models tested. We achieved this by overlaying the frozen atoms and visually 

analyzing the structures. This is shown in Figure 3.5, where the wild type (green), 

the R479K (yellow), and the D123A (gray) models for the Ni-L intermediate can be 

seen. In order to analyze this visual, we will discuss the various areas of the active 
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site: (1) the four Cys residues, (2) the Fe coordinated inorganic ligands, (3) the 

R479 residue, and (4) the D123 residue. 

 

Figure 3.5: Geometries of the native and mutated models of the active site 
overlayed to show geometric distortion. Green: the native enzyme. Yellow: R479K 
mutation. Gray: D123A mutation. The intermediate shown is Ni-L. 

 First, we will analyze the local active site structure. For the four Cys residues 

(1), we find little deviations between the models tested, which is consistent with 

the  parameter data and the bond length data. For the Fe coordinated ligands (2), 

some changes can be seen in the R479K model. We see a slight rotation of the 

inorganic ligands, specifically the CO and CN ligands below the Fe atom in the 

orientation shown in Figure 3.5. Based on the quantitative data already discussed, 
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this geometric difference does not influence the catalytic activity or the overall 

structure of the core of the active site.  

 Analysis of the Arg479 residue (3) is rather interesting, seeing as these 

changes do not influence the catalytic activity of the enzyme. The first noteworthy 

change is the orientation of the Lys in the R479K model. When we compare the 

R479K (yellow) to the wild type (green), we see the amine group of the Lys oriented 

so that it forms hydrogen bonds with the D544 ligand, instead of the placement of 

guanidine group of the Arg side chain which is much closer to the active site. The 

Ni-N distance for the Lys side chain is 5.5 Å, and the Ni-N distance for the closest 

N of the guanidine group of the Arg is 4.3 Å.  

 One other interesting feature of the Arg479 residue occurs when comparing the 

wild type (green) with the D123A model (gray). By replacing the D123 residue with 

an alanine residue, the carboxyl functional group is lost, which means that the 

hydrogen bonds that constrain the guanidine tail of the Arg residue no longer exist. 

This phenomenon can be visually seen, and results in more interaction with the Ni 

center, since the distance between the Ni and the closest N of the guanidine group 

is 3.3 Å, which is 1 Å closer to the Ni than the wild type.   

 The last group to discuss is the D123 residue (4). When we compare the wild 

type with the R479K model, we see a small movement of the carboxyl group due 

to the lack of the hydrogen bonds that form between the guanidine group and the 

carboxyl group since the Lys of the R479K model has intermolecular interactions 

with the D544 residue. This allows for the additional flexibility of the D123 residue 
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in the R479K model. Upon analysis of the D123A model, we can see that the side 

chain changes from -CH2COO to -CH3, which causes of parts of the amino acid 

backbone to shift.  

Regardless of the geometric changes found in the “canopy” residues, we have 

previously stated and shown that the catalytic activity does not change between 

the wild type model and the mutated models given the limitations of the models 

tested. The geometry of the core of the active site is mostly maintained, which 

further proves that the largest factor that effects the energetics of catalysis of 

[NiFe]-hydrogenase is the local geometry of the active site.  

3.4 Conclusion 

In this work, we computationally studied the effect of mutating the nearby highly 

conserved amino acid residues that surround the active site in a sort of “canopy” 

structure. The mutations studied were based on the work done by Armstrong and 

coworkers that showed a change from the canopy Arg residue to a Lys has 0.8% 

of the activity of the native enzyme and changing the nearby Asn residue to Ala 

results in 26% of the activity of the native enzyme.69  

We have shown that the overall reaction energy, dubbed peak to trough energy, 

deviates between the three models tested by only 0.5 kcal/mol, leading to the 

conclusion that, given the limitations of these models, there is no decrease in H2 

oxidizing activity for the mechanism studied.  

Additionally, we have shown that the geometry of the core active site, 

[(RS)2Ni(SR)2Fe(CO)(CN)2], is mainly conserved. This has been hypothesized to 
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have the largest influence on catalysis, and this current work further supports that 

claim. As discussed in Section 3.3.2, there are geometric distortions within the 

“canopy” residues, however these geometric changes do not have any influence 

on the intermediate energies, or the overall peak to trough energy. The 

phenomenon of the conservation of the local enzyme active site structure will be 

discussed further in the next section.  

While we were unable to find rationale for the decreased turnover rates found 

via experiment,69 we hypothesize that a water molecule could potentially inhibit 

binding. The reorientation of the R479K mutation opens a pocket between the 

residue and the active site binding position, as shown in the 5.5 Å bond distance 

between the Lys N group and the Ni. This allows possible inhibition of H2 binding 

at the Ni center due to a solvent water molecule entering this now-opened pocket. 

For the D123A model, a similar rationale could be the closer position of the now-

unconstrained Arg guanidinium tail (3.3 Å from the Ni to the N group closest to Ni) 

causes difficulty for H2 binding which slows down catalysis, further supported by 

the > 3 kcal/mol increase in the Ni-H2 intermediate compared to the native and 

R479K models. Future work should include some explicit or crystallographic 

waters to test the hypothesis for the Lys mutation, as well other model 

manipulations to assess the D123A slowdown. Regardless, this study was integral 

in isolating the importance of the active site structure, allowing us to better 

understand the structure/function relationships for [NiFe]-hydrogenase catalysis. 

Additionally, we did not calculate transition states for the reaction profile. The 
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mutations could influence the energetics of the transition states to cause catalytic 

shutdown, therefore another avenue of study for this project would be to isolate 

the transition states and analyze any changes that could be attributed to the amino 

acid mutations.  

  



 49 

4. Ni-Fe Hydrogenase – Study of Biomimetic Changes to 

the Active Site and Influences on the Structure and 

Reactivity of the Enzyme 

4.1 Introduction 

In the field of catalyst development, nature can be used as inspiration for new 

catalysts due to the fact that these complex biological systems are able to 

efficiently process and carry out various chemical reactions.59, 81  Hydrogenases, 

which reversibly catalyze H2 oxidation or H+ reduction,8, 12, 13 are an important and 

diverse class of enzymes that have the potential to provide insight into the 

necessary requirements for utilization of a “hydrogen fuel economy,” which would 

result in replacement of internal combustion engines for transportation with 

hydrogen-based fuel cells that produce energy from conversion of H2 and O2 into 

H2O for clean, renewable, and carbon neutral energy technologies for clean, 

renewable, and carbon neutral energy technologies.59, 81, 82  

Research into the structure and function of hydrogenases, as stated in Sections 

2 and 3, can provide insight into the expression, biosynthesis, structure, and 

function of hydrogenases to achieve the goal of creating new catalysts.10 Even 

though the different types of hydrogenases ([NiFe], [FeFe], and [Fe]) are 

physiologically unrelated,10, 83 structural and mechanistic similarities exist, such as 

the ability to efficiently oxidize molecular hydrogen and the inclusion of a low spin 

Fe (II) with coordination to carbonyl and thiolate ligands.   
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Currently, Pt based fuel cells are the main source for oxidation of molecular 

hydrogen, however Pt is an expensive noble metal and limited resource. Over the 

lifetime of these fuel cells, the Pt cathode suffers from reduced activity and 

efficiency due to corrosion of the carbon support, oxidation of the electrode, loss 

of active surface area, migration, and impurities that poison the catalyst.82 One 

goal of studying biological systems like [NiFe]-hydrogenases is to develop purely 

organic82 or transition metal based catalytic alternatives.84-92   

In addition to creation of alternatives to Pt cathodes, the advancement of this 

field has the potential to develop methods for H2 oxidation that are robust and have 

products that are capable of being mass produced, leading to the evolution of 

highly active, widely available electrodes for use in fuel cells. In fact, H2/O2 biofuel 

cells have been developed from the d. vulgaris [NiFe]-hydrogenase.93 However, 

power output is restricted by substrate mass transport, as well as lack of protection 

from O2 and high-potential deactivation from the limiting conditions of the 

bioanode.21 Szczesny and coworkers cleverly constructed a gas-breathing 

polymer-based bioanode that protects the biocatalyst from high-potential 

deactivation through preventing direct contact with the electrode surface, as well 

as protection from O2 by reduction of O2 is reduced at the outer polymer layer, 

leaving the biocatalyst/reaction layer unaffected.94 Regardless, utilization of 

enzymes as biofuel cells is relatively niche owing to the limited pH and temperature 

operating conditions. Additionally, enzymes are not robust and do not efficiently 

utilize the electrode surface due to their large molecular size.95 An alternative to 
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biofuel cells is the development of biomimetic analogues, utilizing what has been 

discovered regarding the structure and function of enzymes to attempt to mimic 

the activity using inorganic catalysts.  

Hydrogenases have been found to have high turnover rates (>1000s-1),8, 16-19 

low overpotentials, and stability even at elevated temperatures, therefore they are 

considered to be highly efficient catalysts.8 Many biomimics of the [NiFe]-

hydrogenase site have been developed, ranging from changing the Fe coordinated 

ligands, replacing the Cys residues, using protecting groups to preserve the 

chemistry of certain structural features, and even changing the identity of the 

transition metals.84, 86, 96-106 

The basis for this current study is to use currently developed biomimics to 

manipulate our computational model of the active site and determine the influence 

of the changes to the enzyme active site. This work provides insight on how these 

changes affect the structure, redox character, and reactivity, and has the potential 

to inform features that would improve the field of biomimetic catalysis for [NiFe]-

hydrogenases. The goal is to ultimately create a biomimetic catalyst with high 

TOFs (turn over frequency) and low overpotential. This can be accomplished by 

using computational methods to change one feature at a time to isolate exactly 

how that change affects the system, which is something that is usually unattainable 

or impractical in a laboratory setting. 
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4.2 Computational Details 

  The computational models were constructed and calculations were run utilizing 

the same methods as in the previous Sections 2 and 3. Gaussian 16 suite version 

C01107 was used for the geometry optimizations and frequency calculations using 

BP8664/def2-TZVP.65, 66 The singlet states (Ni-SIa, Ni-H2, Ni-3, Ni-R) were run with 

the restricted DFT formalism, while the doublet states (Ni-C and Ni-L) were run 

unrestricted. Grimme's D3 dispersion correction4 was included in addition to 

PCM67 with 𝜀 = 4 to simulate the surrounding enzyme environment.56, 58 

Frequency calculations were also performed to obtain thermodynamic corrections, 

and any frequencies less than 50 cm-1 were shifted. The free energies for Ni-C and 

Ni-L were calculated with the same formalism in Section 2.2 eq 2.1. Reduction 

potentials were also calculated from Section 2.2 utilizing eq. 2.2 and eq. 2.3.  

For computational efficiency, model 3B (Section 2.2 Figure 2.3) was the base 

structure used to assess the effect of the biomimic inspired changes to the active 

site model. In our previous work, we proved that this model, which constrained a 

C and H atom at the end of each Cys residue, resulted in comparable energetics 

and structure to the larger model 2C (Section 2.2 Figure 2.2), which included the 

entire amino acid residue backbone.  

We have broken down the active site into four main domains for the study of 

these biomimetic changes: (i) Fe-coordinated ligands, (ii) metal-metal bridging -

ligands, (iii) Ni-coordinated terminal ligands, and (iv) choice of metal centers. 

These domains are represented in Figure 4.1. Features that were tested were 
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common between various literature sources,19, 96-98, 100-102 and specific biomimetic 

catalysts shown in Figure 4.2 were used to choose what changes to study first.  

 

Figure 4.1: The four domains of the [NiFe]-hydrogenase active site for study with 
biomimetic inspired structural changes. (i) Fe-coordinated ligands, (ii) metal-metal 

bridging -ligands, (iii) Ni coordinated terminal ligands, and (iv) choice of metal 
centers.  

 In domain (i) we have three different ligands to test modify: two CN and one 

CO. It is common for experimentalists to avoid using the CN groups due to the 

reactivity of the basic N site. For biomimic (6), these ligands were protected by 

attaching organoboranes (BArF
3) to the Fe-CN groups.102 In biomimics (1), (2), and 

(3), we can see the CN ligands are replaced with cyclopentadienyl (Cp) or 

pentamethylcyclopentadienyl (Cp*) ligands,19, 96-98 therefore the inclusion of Cp 

and Cp* ligands is of interest and studied.   

 In addition to the effect of the Cp and Cp* ligands, we also were interested in 

the effect electron withdrawing/donating ligands have on the chemistry of the 

active site. Therefore, we also tested the effect of ligands that are more electron 

withdrawing (N≡N) and more electron donating (NH2) than CN by replacing one 

CN group with either N≡N or NH2. 

(iii)
Ni-coordinated 

terminal ligands

(ii) 
metal-metal 

bridging µ- ligands

(i) 
Fe-coordinated 

Ligands

(iv) 
choice of 

metal centers
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Figure 4.2: Biomimetic catalysts from the literature19, 96-98, 100-102 that influence 
choices of changes to be made in initial studies of biomimetic inspired models of 
the [NiFe]-hydrogenase enzyme active site.* (Permissions in footnotes) 

The other domain tested in this section is (ii) metal-metal bridging -ligands. In 

biomimics (3), (4), (5), and (6), the bridging Cys residues from the enzyme active 

site are replaced with a dithiolate ligand, 1,3-propanedithiol (pdt). To systematically 

assess any structural changes from use of this bidentate dithiolate ligand, we used 

 
(1)  Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nautre. Nature 

Chemistry, Nickel-centred proton reduction catalysis in a model of NiFe hydrogenase. Brazzolotto, D.; 
Gennari, M.; Queyriaux, N.; Simmons, T. R.; Pecaut, J.; Demeshko, S.; Meyer, F.; Orio, M.; Artero, V.; 
Duboc, C. Copyright 2016.  

(2)  Republished with permission of Royal Society of Chemistry, from Ghosh, P.; Quiroz, M.; Wang, N.; 
Bhuvanesh, N.; Darensbourg, M. Y., Complexes of MN2S2 center dot Fe(eta(5)-C5R5)(CO) as platform 
for exploring cooperative heterobimetallic effects in HER electrocatalysis. Dalton Transactions 2017, 46 
(17), 5617-5624. Copyright 2017; permission conveyed through Copyright Clearance Center, Inc 

(3)  Reprinted from Ahmed, M. E.; Dey, A., Recent developments in bioinspired modelling of [NiFe]- and 
[FeFe]-hydrogenases. Current Opinion in Electrochemistry 2019, 15, 155-164. Copyright 2019; with 
permission from Elsevier 

(4)  Reprinted with permission from Ulloa, O. A.; Huynh, M. T.; Richers, C. P.; Bertke, J. A.; Nilges, M. J.; 
Hammes-Schiffer, S.; Rauchfuss, T. B., Mechanism of H-2 Production by Models for the NiFe -
Hydrogenases: Role of Reduced Hydrides. Journal of the American Chemical Society 2016, 138 (29), 
9234-9245. Copyright 2016 American Chemical Society. 

(5)  Reprinted with permission from Barton, B. E.; Rauchfuss, T. B., Hydride-Containing Models for the Active 
Site of the Nickel-Iron Hydrogenases. Journal of the American Chemical Society 2010, 132 (42), 14877-
14885. Copyright 2010 American Chemical Society. 

(6)  Reprinted with permission from Manor, B. C.; Rauchfuss, T. B., Hydrogen Activation by Biomimetic NiFe 
-Hydrogenase Model Containing Protected Cyanide Cofactors. Journal of the American Chemical Society 
2013, 135 (32), 11895-11900. Copyright 2013 American Chemical Society. 

 

L: CO, P(OPh)3, PPh3, PPh2py

(1) (2) (3)

(4) (5) (6)
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other modified pdt-style ligands. The first was chosen to shorten the distance 

between the S atoms: (1Z)-prop-1-en-1,3-dithiol (pedt). The second was used to 

probe the effect of how additional rigidity alkyl chain would affect the structure, 

therefore we used: (1Z,3Z)-but-1,3-dien-1,4-dithiol (bdedt).  

4.3 Results and Discussion 

4.3.1 Domain (i) Fe-Coordinated Ligands 

The first domain studied is the Fe-coordinated inorganic ligand binding. As 

previously mentioned, a common feature of biomimetic [NiFe]-hydrogenase 

complexes is the inclusion of Cp ligands. Therefore, we assessed the influence of 

inclusion of the Cp and Cp* ligands in lieu of the two CN ligands, as well as the 

models where the electron withdrawing/donating character of the CN ligand is 

changed. The free energy reaction profile for these biomimetic ligands is shown in 

Figure 4.3. The reaction profile follows the catalytic cycle depicted in Figure 2.1.  

First, we will analyze the effects between the native (orange), N2 (blue), and 

NH2 (red) models. The structures of the active site across the catalytic 

intermediates are indicative of the native model. There are a few interesting 

features to discuss, namely the P2T energy difference, which gives an indication 

of the overall reaction energy, and the possibility of spontaneous electron ejection 

for the catalytic cycle.  

 The P2T energies are defined as the difference between the highest energy 

and lowest energy intermediates, in most cases these are the Ni-3 and Ni-C 

intermediates, respectively. For this discussion, Ni-3 and Ni-C are the 
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intermediates for the native and N2 models, however for the NH2 model the highest 

energy intermediate is Ni-R. Therefore, we will compare the Ni-3 to Ni-C P2T 

energies from native and N2 with the Ni-R to Ni-C P2T energy for NH2, however 

the Ni-3 intermediate is only 0.9 kcal/mol lower in energy than Ni-R for NH2, 

resulting in little change in interpretation.   

 

Figure 4.3: Free energy reaction profile for the catalytic cycle of [NiFe]-
hydrogenase with biomimetic inspired changes to the (i) Fe-coordinated ligands. 
Energies are reported with respect to the Ni-SIa intermediate. The models shown 
are the native (orange), 1 CN replaced with 1 N2 (blue), 1 CN replaced with NH2 
(red), 2 CN replaced by Cp (pink), and 2 CN replaced by Cp* (green).  

 The P2T energies are 18.5 (native), 19.1 (NN), and 19.0 (NH2) kcal/mol. As we 

have discussed in the previous two chapters (2.3 and 3.3 ), these energies are well 

within the range of all of the other models tested. This implies that the overall 

activity of the enzyme is most likely unchanged by the more electron withdrawing 
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ligand, NN, or the more electron donating ligand, NH2. However, when we analyze 

the redox character of the active site, we see an interesting phenomenon. The 

methods outlined in Section 2.2 for calculation of the reduction potentials were 

utilized for this section, and the results are shown below in Table 4.1.  

Table 4.1: Redox potential calculations for the biomimetic inspired changes to the 
domain (i) Fe-coordinated ligands, as calculated by eq. 2.3. The reaction pathways 
tested are depicted in Figure 2.1. 

 

 As we discussed in Section 2.3.1 our results indicated that spontaneous 

electron ejection at the Ni-L intermediate was possible, so the reaction proceeds 

from the Ni-L through the oxidized form [Ni-L]2+ and regeneration of Ni-SIa following 

proton dissociation. This is shown in the table above for the native model, as 

indicated by the positive Ecell value for the Ni-L oxidation pathway compared to the 

negative values for the Ni-H2 and Ni-C pathways.  

 Upon analysis of the more electron withdrawing N2 ligand model, we see that 

all of the Ecell values for all tested pathways are negative. This shows that changing 

one CN ligand to a N2 ligand changes the redox character of the active site, 

indicating that spontaneous electron ejection is unlikely to occur throughout the 
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catalytic cycle. The influence of the inclusion of a ligand with a stronger electron 

withdrawing character than CN is based on the metal-metal cooperativity of the 

active site, mainly that Fe (II) is no longer able to stabilize the redox character of 

the Ni center due to electron density being pulled toward the N2 ligand.  

 When we compare this to the more electron-donating ligand, NH2, we find the 

opposite phenomenon – all of the Ecell values across the three pathways tested are 

positive, indicating the possibility of spontaneous electron ejection to the proximal 

[4Fe-4S] cluster. The redox character of the active site is thus changed opposite 

to the N2 ligand model, namely that the NH2 ligand donates electron density to the 

Fe center, which further stabilizes the Ni center, allowing for easier ejection of 

electrons. While the active site geometry does not undergo any structural changes 

from the manipulation of the CN ligand and the overall reaction energy does not 

change, the redox character of the active site is influenced by these modifications, 

indicating that the choice of ligands for replacing CN in biomimetic systems should 

be chosen to mimic the electron withdrawing character of CN without being too 

strongly electron withdrawing. These results also indicate that the Cp ligand would 

have an electron donating nature, as the Ni-C oxidation path has the potential to 

spontaneously eject an electron, just like the NH2 model. 

 The other two models tested in this section are the Cp and Cp* models, where 

the two CN ligands coordinated to Fe were replaced. As can be easily noticed, not 

all of the intermediates were able to be isolate for these biomimetic inspired 

models. For the Cp ligand model, the Ni-3 intermediate consistently minimized to 
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the Ni-H2 geometry. For the Cp* model, the Ni-3, Ni-R, and Ni-C intermediates 

could not be isolated. The common factor between all of these intermediates, in 

addition to the Ni-R and Ni-C intermediates for Cp, is that the bridging -H due to 

the structural changes associated with the inclusion of these ligands, namely the 

elongation of the Ni-Fe bond. These bond lengths can be found in Table 4.2.   

Table 4.2: Bond lengths of Ni-Fe for all intermediates in the active site structure of 
the biomimetic inspired Cp and Cp* ligand models. Ni-3 was excluded because it 
was not isolated for either Cp or Cp* model.  

Intermediate Cp model Cp* model 

Ni-SIa 3.15 Å 3.36 Å 

Ni-H2 3.26 Å 3.38 Å 

Ni-R 2.63 Å N/A 

Ni-C 3.34 Å N/A 

Ni-L 3.00 Å 3.38 Å 

 
Our previous work and work shown in the literature49 have all indicated that the 

Ni-Fe bond length for the native enzyme active site structure should range between 

2.54 and 2.84 Å across all models, including various crystal structures of the 

reduced catalytically active form of the enzyme. Only one intermediate between 

both Cp and Cp* models is in this range - Ni-R from Cp. However, when we 

visualize this intermediate, as shown in Figure 4.4(a), we can see that there are 

other structural distortions apparent that only exist in this intermediate, specifically 

the elongation of the Ni-S bond to form exclusive coordination to Fe, and that the 

Cp ligand binds through a single C instead of as η5-(C5H5).  
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Analysis of the Cp model Ni-C intermediate, shown in Figure 4.4(b), shows that 

the elongation of the Ni-Fe bond to 3.34 Å causes the -H to bind exclusively to 

Ni. The formation of the -H as a bridging ligand is present in multiple steps in the 

catalytic cycle, and has been resolved using X-Ray crystallography.40 It is highly 

probable that the inability for the -H to form is the reason we were unable to isolate 

intermediate geometries for the Cp* model, as the Ni-Fe bond lengths for the three 

intermediates were even further elongated than the Cp model.   

 

Figure 4.4: Optimized geometries of the Cp model of the biomimetic inspired 
[NiFe]-hydrogenase system. (a) is intermediate Ni-R and (b) is intermediate Ni-C.  

 These geometric changes to the active site are represented in the energetics 

of the catalytic cycle shown previously in Figure 4.3. Since we could not isolate the 

Ni-3 intermediate, the P2T energy for the Cp model is the difference between the 

Ni-R and Ni-C intermediates, 22.8 kcal/mol, which is 4.3 kcal/mol higher than the 

(a) (b)
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native model. We can assume the Cp* ligand would have a very similar or higher 

P2T energy relative to Cp, considering the Ni-H2 and Ni-L intermediate energies 

differ between Cp and Cp* by < 0.5 kcal/mol and the fact Ni-Fe bond is further 

elongated.  

 The results of the influence of the Cp and Cp* ligands, as well as the N2 and 

NH2 models, are further proof that the activity of the [NiFe]-hydrogenase enzyme 

is strongly modulated by the structure and redox character of the active site. The 

influence of electron withdrawing/donating ligands show that the Fe-coordinated 

ligands strongly influence the redox character, and subsequently the mechanism 

of catalysis. The geometric distortions observed for the Cp and Cp* ligand models, 

notably the inability to form the -H, are the major factors that influence the 

increase in P2T energy. These results can be used to inform experimental studies 

on biomimetic works, specifically that the structure of the active site must be as 

conserved to as great an extent as possible and that any changes to the CN 

ligands should have a similar electron withdrawing capacity.  

4.3.2 Domain (ii) Ni-Fe Bridging -Ligands 

The next domain in the current study is domain (ii), which is manipulation of the 

two -Cys residues that bridge between Ni and Fe via the S atoms. As shown in 

Figure 4.2, a common replacement for these residues is using a bidentate 

dithiolate ligand, pdt. To study influence of this ligand, we compared the pdt model 

to the native, in addition to a shortened C chain between S atoms by adding a 

double bond forming the pedt model and adding additional rigidity by elongating 
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the C chain to a butadiene, forming the bdedt model. The reaction profile is shown 

in Figure 4.5. 

 

Figure 4.5: Free energy reaction profile for the catalytic cycle of [NiFe]-

hydrogenase with biomimetic inspired changes to the (ii) Ni-Fe bridging -ligands. 
Energies are reported with respect to the Ni-SIa intermediate. The models shown 
are the native (black), 2 Cys replaced with pdt (gold), 2 Cys replaced with pedt 
(blue), and 2 Cys replaced with bdedt (red). 

As with previous reaction profile analyses, we compare the P2T energies for 

all the models tested. For this data, the highest energy intermediate for all the 

models is Ni-R, and the lowest energy intermediate is Ni-C, as with every single 

model tested through Sections 2, 3, and 4. We find the native (18.5 kcal/mol) is 

2.6-5.5 kcal/mol lower in energy than the pdt-derived models: 24.0 (pdt), 21.1 
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(pedt), and 22.7 (bdedt) kcal/mol. With this information, we can assume that the 

pdt based ligand modifications would slow down catalysis.  

The redox potential of the pdt derived modifications to the active site remains 

unchanged. In Table 4.3, the redox potential for spontaneous electron ejection is 

shown for the Ni-C and Ni-L pathways. Ni-H2 was omitted in this case due to 

difficulty in optimizing either the Ni-H2 intermediate, as is the case for pedt, or the 

[Ni-H2]3+, as is the case for pdt and bdedt. Regardless, we can see from the Ni-C 

and Ni-L data that replacement of the Cys ligands with the bidentate dithiolate 

ligands does not change the redox character of the active site, therefore the 

catalytic mechanism is likely unchanged with this biomimetic modification. 

Table 4.3: Redox potential calculations, in V, for the biomimetic inspired changes 

to the domain (ii) Ni-Fe bridging -ligands, as calculated by eq. 2.3. 

 

 We now turn to the structural data to see further proof that this increase in 

overall reaction energy is due to the structural differences found in the 

[(RS)2Ni(SR)2Fe(CO)(CN)2] core geometry. The data for the 4
72 and 5

73 

parameters quantifies the distortion of the (RS)2Ni(SR)2 moiety. We have 

previously shown (Sections 2 and 3) in the models which adequately describe the 
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active site of [NiFe]-hydrogenase that there is little deviation for both 4 and 5 

parameters, corresponding to similar catalytic reaction energies between 18.5 and 

19.7 kcal/mol across a wide spectrum of catalytic models. The 4 and 5 

parameters are calculated by eq. 2.4 and eq 2.5 and the results are shown in Table 

4.4 and Table 4.5.  

Table 4.4: Values of 4 parameters for all models including each intermediate 
involved in catalysis as depicted in Figure 2.1. Selected values that deviate from 
the native model by more than 0.1 are bolded in red. 

Intermediates 
Models Tested 

Native pdt pedt bdedt 

Ni-SIa 0.47 0.08 0.11 0.24 

Ni-H2 0.52 0.37 - 0.34 

Ni-3 0.53 0.61 0.59 0.53 

Ni-R 0.54 0.56 0.54 0.30 

Ni-C 0.55 0.65 0.65 0.41 

Ni-L 0.52 - 0.62 0.77 

 

Table 4.5: Values of 5 parameters for all models including each intermediate 
involved in catalysis as depicted in Figure 2.1. Selected values that deviate from 
the native model by more than 0.1 are bolded in red. 

Intermediates 
Models Tested 

Native pdt pedt bdedt 

Ni-3 0.17 0.04 0.02 0.11 

Ni-R 0.12 0.06 0.10 0.53 

Ni-C 0.12 0.33 0.15 0.38 

 

 The deviations between the  parameters for all the pdt-derived models can be 

seen in the red bolded numbers, indicating geometric distortion about the Ni 

center. For the pdt model, Ni-SIa and Ni-H2 are shown to deviate from the native 
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model for the 4 parameters and additional deviations are seen for Ni-3 and Ni-C 

in the 5 parameters. The pedt model, which has the P2T energy closest to the 

native model (2.6 kcal/mol higher), has the least geometric distortion of the three 

models tested. Only Ni-SIa in the 4 parameter and Ni-3 in the 5 parameter 

exceeds 0.1 difference from the native model; however, it is worth noting that the 

Ni-H2 was not isolated due to consistent H2 abstraction from Ni during optimization. 

Finally, in the bdedt model, all of the parameters differ from the native except for 

both the 4 and 5 parameters for the Ni-3 intermediate. 

Table 4.6: S-S bond lengths, in Å, for the three models tested compared to the 
native. 

Intermediates 
Models Tested 

Native pdt pedt bdedt 

Ni-SIa 2.8 3.1 3.1 3.2 

Ni-H2 2.9 3.1 - 3.3 

Ni-3 2.9 3.2 3.2 3.2 

Ni-R 3.0 3.3 3.2 3.3 

Ni-C 2.9 3.2 3.1 3.3 

Ni-L 2.9 - 3.2 3.3 

 
These geometric distortions across all the pdt-derived models can be attributed 

to the position of the bridging S atoms. In the native model, the S-S distance for 

the bridging Cys residues is 2.8-3.0 Å across various models tested, however the 

S-S distance in the biomimetic models all exceed 3.1 Å. These bond lengths are 

compared to the native model in Table 4.6. The elongation of the S-S bond is not 

unexpected, considering two unconnected Cys residues were replaced with a 

single bidentate dithiolate ligand. As one would expect due to the (1Z,3Z)-but-1,3-
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dienyl group, the bdedt model has the largest S-S distances of 3.2-3.3 Å due to 

the inclusion of an additional C compared to the pdt and pedt ligands.   

There is a strange geometric anomaly found in this data set. For the pdt model, 

Ni-C has strange torsion where the Ni(SR)2Fe cluster has twisted out of the native 

position (Figure 4.6(a)), and the Ni-L geometry was not isolated because all 

optimizations kept resulting in minima that exhibited this large-scale twist of the 

bridging cluster. This twisting phenomenon was also found in Ni-L intermediate for 

bdedt.  

 

 

Figure 4.6: Visualization of the anomalous torsion of the Ni(SR)2Fe moiety in the 
Ni-C intermediate for the (a) pdt model compared to the (b) native Ni-C model.  

 The results in this section show that inclusion of these pdt-derived bidentate 

dithiolate ligands in lieu of the native bridging Cys residues increases the overall 

reaction energy due to the changes in the [(RS)2Ni(SR)2Fe(CO)(CN)2] active site 

structure. These geometric distortions are found in the placement of the S atoms 

of the dithiolate ligands, as seen in the S-S bond distances and the  parameters. 

(a) (b)
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Once again, these results further support the claim that the factor that most 

strongly influences the catalytic activity of [NiFe]-hydrogenase is the core structure 

of the active site, and the best method via biomimetic catalyst design for mimicking 

this enzyme is to match the structure of the active site as closely as possible while 

maintaining the redox character. 

4.4 Conclusion 

In summary, biomimetic-inspired modification of the [NiFe]-hydrogenase active 

site were studied for domain (i) Fe-coordinated ligands, and domain (ii) Ni-Fe 

bridging -ligands in this section. The data gathered supports the claim that the 

primary factor that affects the catalytic function of the enzyme is the structure of 

the active core, [(RS)2Ni(SR)2Fe(CO)(CN)2], and secondarily the redox character 

of the active site.  

When CN is replaced with a more electron withdrawing ligand, e.g., N≡N, the 

electronic density pulled toward the ligand destabilizes the active site at the Fe 

center, causing the Ni to lose the potential capacity for spontaneous electron 

ejection to the proximal [4Fe-4S] cluster. Conversely, a more electron donating 

ligand (NH2) results in additional stability to the Fe center, allowing Ni to 

spontaneously eject an electron at any step throughout the catalytic cycle. 

Therefore, replacement of CN ligands should consider how strongly electron 

withdrawing or donating the modifying ligand is in order to maintain the redox 

character of the active site.  
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The modifications of the Cp and Cp* ligands cause large geometric distortions 

in the active site, mainly the Ni-Fe bond distance. This distortion, which increased 

the overall reaction energy by upwards of 4 kcal/mol, created a structure where 

formation of the bridging -H ligand was inhibited. In order to utilize these ligands 

in a biomimetic complex that has comparable catalytic activity to the native 

enzyme, some other feature should be included to modulate the bond length 

between Ni-Fe so it better maintains the geometry of the core active site structure, 

which has once again been shown to be the main factor in the catalytic function of 

the enzyme. However, Cp should occupy an entire hemisphere, or replace 3 

ligands, therefore further work analyzing the effect of replacing the 2 CN and 1 CO 

ligands are required to get a better representation of the influence of these ligands. 

Finally, analysis of the bidentate dithiolate bridged ligands indicates an 

increase in reaction energy, most likely due to the S-S dithiolate bond distances, 

which cause distortions in the Ni centered geometry, as indicated by the  

parameters in Table 4.4 and Table 4.5. While these ligands are unable to maintain 

the structural integrity of the active site in the same manner as the native Cys 

residues, which seems to act as a scaffold for the active site cluster 

[(RS)2Ni(SR)2Fe(CO)(CN)2], it should be noted that these ligands do not affect 

the redox character of the enzyme. Assuming steric strain would not affect the 

energetics, a possible solution could be an ethane-based bidentate thiolate 

bridging ligand to attempt to replicate the S-S distance of the native Cys residues.  
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5. Fe Halogenase Chemistry 

5.1 Introduction 

Natural products containing halogen-carbon bonds are a diverse group of 

compounds that have wide usage in various applications, from pesticides to 

advanced materials and pharmaceuticals.108-111 In medicine, thousands of these 

halogenated products have been isolated108, 112-115 and many have been found to 

have antibiotic and anticancer properties.108, 109, 115, 116 For halogenation in nature, 

the predominant modification is chlorination, followed by bromination, however 

fluorination and iodination are rare. Halogenation has been found to improve drug 

efficiency, potency, and selectivity, therefore medicinal chemists use stereo- and 

regio-specific halogenation of drug candidates to improve molecular properties in 

order to control tissue distribution and pharmacokinetics, or to block/redirect the 

drug metabolism.108, 115, 117 One example of an important halogenated antibiotic 

drug is the broad spectrum antibiotic, vancomycin.108, 112, 113, 118-120 This drug works 

against Gram-positive bacteria, and is used for the treatment of various infections, 

including methicillin-resistant Staphylococcus aureus (MRSA).121 However, 

chlorination affects the atropisomer distribution, which is important in order to 

achieve the clinically active conformation.115, 122, 123 

In order to halogenate compounds like antibiotics at ambient temperatures and 

non-harsh conditions, activation of unreactive species, such as saturated 

hydrocarbons, must be achieved. Mononuclear non-heme Fe enzymes124-129 have 

been found to be involved in biological oxidative reactions, such as hydroxylation, 
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epoxidation, desaturation, ring cleavage, and halogenation of C-H bonds.119, 130-139 

One feature of non-heme Fe enzymes is the formation of an Fe(IV)=O 

intermediate, which allows for the abstraction of H from an alkane followed by 

halogenation, or more commonly hydroxylation for other non-heme Fe 

enzymes.109, 119  

Within the class of non-heme Fe enzymes is SyrB2, an α-Ketogluatarate (αKG) 

dependent halogenase from Pseudomonas syringae which is part of the 

biosynthetic pathway of syringomycin E, an antifungal agent. Upon substrate 

delivery via a prosthetic phospopantetheine (PPant) arm attached to the SyrB1 

acyl carrier protein, chlorination the 𝛾-carbon of L-Thr occurs.109, 140-147. The SyrB2 

enzyme has a reactive center that is deeply embedded into the protective enzyme 

environment, and the substrate delivery process controls the specificity.124-129 A 

minimal model of the SyrB1-PPant-L-Thr substrate and chlorinated product is 

shown in Figure 5.1. 

 

Figure 5.1: Halogenation of SyrB1-PPant-L-Thr to SyrB1-PPant-4-Cl-L-Thr 
Catalyzed by SyrB2.  
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Figure 5.2: Proposed catalytic cycle of the chlorination of SyrB1-PPant-L-Thr by 
the non-heme Fe halogenase, SyrB2. Oxidation states of Fe are color coded. The 
Syr-B1-PPant-L-Thr substrate is represented by R-CH3 in this catalytic cycle.  

The active site of the SyrB2 halogenase is comprised of an Fe center 

coordinated to two histidine residues. Throughout the catalytic reaction, this Fe 

center becomes further coordinated by a Cl- ion and the αKG ligand, which can be 

seen in the depiction of the proposed catalytic cycle in Figure 5.2. The αKG ligand 

and Cl- anions from an aqueous NaCl solution enter the active site of the enzyme 

and are coordinated to the Fe center (IM1). During the substrate delivery step, with 

the substrate represented as R-CH3, the Fe (II) center is oxidized through 
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coordination of O2, forming IM2. Upon CO2 dissociation, the highly active Fe(IV)=O 

intermediate is formed, labeled IM3. Homolytic cleavage of a C-H bond in the L-

Thr results in a -CH2 radical, in addition to reduction of the Fe (IV) to Fe (III) and 

formation of an Fe-coordinated hydroxide (IM4). The Cl− is then liberated from the 

Fe center via radical addition, forming a C-Cl bond and reducing Fe (III) to Fe (II) 

in IM5. Finally, the chlorinated substrate and the Fe-coordinated succinate ligand 

leave the active site, regenerating IM0.   

Our experimental collaborators148 found that the SyrB2 enzyme also has 

another interesting halogenation reaction – through inclusion of an amine group in 

the β-position relative to the carboxyl group of the αKG ligand forming the non-

native N-oxalylglycine (NOG) ligand, a known inhibitor of the αKG-dependent 

hydroxylase enzymes,149, 150 selective fluorination of the L-Thr in SyrB1-PPant-Thr 

was observed, as seen in Figure 5.3.  

 

Figure 5.3: SyrB2 halogenated active site structures of IM2 (from Figure 5.2). Left: 
native chlorinated SyrB2 with Fe-coordinated αKG ligand. Right: non-native 
fluorinated SyrB2 with Fe-coordinated NOG ligand.  

Considering the difficulty of C-F bond formation due to the strong 

electronegativity of F− ions, which strongly interact with H2O molecules in aqueous 

systems, natural fluorinated products are very rare.111, 151, 152 As of 2019, only two 
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examples of enzymatic C-F bond formation have been found, therefore this finding 

is of particular importance because formation and cleavage of C-F bonds require 

non-environmentally friendly methods and harsh conditions.111, 153 Therefore, the 

goal of this computational study is to elucidate the mechanism of the halogenation 

of SyrB1-PPant-Thr, and to identify the chemical or structural properties of the 

SyrB2 active site that contribute to selective C-F bond formation when the αKG 

ligand is changed to an NOG ligand.  

5.2 Computational Details 

Calculations were run using Gaussian 16 suite version C01107 for the geometry 

optimizations and frequency calculations using unrestricted B3LYP154-156/def2-

SVP65, 66 with an ultrafine grid. For all calculations XQC was used for the 

convergence of the SCF cycles. B3LYP was chosen as the functional based on 

the work performed by Altun et al. where the accuracy of CC calculations, 

specifically CCSDT(Q), DFT, and correlated multireference multiconfuguration ab 

initio methods were tested for H2 activation by FeO+. CCSDT(Q) was found to be 

an acceptable reference when compared to the available experimental data, and 

B3LYP had the smallest deviations from the relative energies calculated by 

CCSDT(Q).7 

Grimme's DFT-D3(BJ) dispersion correction5 was included with the revised 

damping parameters as stated by Smith et al.157 Solvation was included using 

PCM67 with 𝜀 = 4 to simulate the surrounding enzyme environment.56, 58 
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Frequency calculations were also performed to obtain thermodynamic corrections, 

and any frequencies less than 50 cm-1 were shifted.  

 

 

Figure 5.4: Model of IM2 of the active site of SyrB2 utilized for calculation of IM2-
IM5 (Figure 5.2). The first coordination sphere of the Fe was included – Fe, Cl-. 
His115, His 235, αKG, and O2, as seen in the dashed box. A truncated model of 
SyrB1-PPant-Thr is also included, as well as highly conserved residues Glu102, 
Phe104, Asn123, Arg248, and Arg254. The constraints on the amino acid residues 
are shown as atoms highlighted in green.  

The computational model used to study IM2-IM5 (from Figure 5.2) is shown in 

Figure 5.4. The specific intermediate shown is Fe-O2 coordinated IM2. The Fe 

coordination sphere (excluding the His residues) are shown in the ball-and-stick 

drawing, which include the Fe center, the halogen, the αKG ligand, and the O2 
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molecule. The amino acid residues included are shown in the wireframe drawn 

portions of the model and include the following highly conserved residues: Fe-

coordinated His115 and His 235; Glu102, Phe104, Asn123, Arg248, and Arg254. 

The Arg254 residue is difficult to see, as it is positioned directly in front of the αKG 

ligand in the orientation shown in Figure 5.4. We have also included the truncated 

SyrB1-PPant-L-Thr substrate, shown in the tube drawing. All of the atoms that were 

constrained during the geometry optimizations are highlighted in green. This model 

was constructed from a molecular dynamics simulation. In this simulation, all 

starting structures of the SyrB1/SyrB2 complex and parameters for tor the 

phosphopantetheinylated threonine were taken from Mehmood et al.109  Structures 

were energy minimized, heated to 300K, and density equilibrated before 500 ns 

production runs, and each system was performed in triplicate.  

 For computational study of the binding affinity of the halogens in IM1, a 

modified version of the model shown in Figure 5.4 was constructed, seeing as the 

substrate is not yet interacting with the system in IM1. To study the binding of 

halogens to Fe(II) in the enzyme matrix, explicit water molecules were included to 

determine the energy required to remove a water molecule from a microsolvated 

halide system in order for the halide to coordinate to the Fe center. This was done 

through comparison of the intermediate solvated with four water molecules with a 

halide solvated by five explicit water molecules with an implicit solvation model 

simulating an aqueous solution. To calculate this binding affinity, we used: 

 ∆𝐺𝑋∙𝐻2𝑂 𝑏𝑖𝑛𝑑 = (𝐺𝐼𝑀1+4𝐻2𝑂 + 𝐺𝐻2𝑂) − (𝐺𝐼𝑀1−𝑋 + 𝐺𝑋−+5𝐻2𝑂) (5.1) 
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where 𝐺𝐼𝑀1+4𝐻2𝑂 is IM1 solvated by four explicit water molecules, 𝐺𝐻2𝑂 is the free 

energy of a single water molecule, 𝐺𝐼𝑀1−𝑋 is IM1 without the halogen and no 

explicit water molecules, and 𝐺𝑋−+5𝐻2𝑂 is the halide with five explicit water 

molecules. All of these values were calculated including the dispersion corrections 

and implicit solvation described previously. These calculations were performed 

with uB3LYP/def2-TZVP.65, 66  

 Finally, in preliminary studies, the spin state of the catalytic cycle was analyzed 

by testing the triplet, quintet, and septet states due to the spin contamination 

values from initial calculations. However, upon further analysis, the quintet state 

was the lowest energy pathway for the majority of the intermediates, and when 

compared to the literature for another non-heme Fe halogenase, WelO5,119 the 

quintet pathway was chosen for all the models and intermediates studied.  

5.3 Results and Discussion 

5.3.1 Halide Binding to Fe in IM1 

In order to analyze the effect of including the NOG ligand as an alternative to 

the αKG ligand, we analyzed the Natural Bond Orbital (NBO) charges of the atoms 

in the ligand, as well as the Fe center and the halide for the intermediate prior to 

substrate delivery, IM1. The three ligand/halide combinations tested were the two 

systems of interest, the wild type αKG/Cl and the modified catalytically active 

NOG/F, as well as two other combinations, NOG/Cl and αKG/F, for comparison of 

the effect of the ligand and halide. The free energy of halide binding to IM1 was 

also tested in order to assess whether changing the Fe-coordinated ligand from 
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αKG to NOG affected the binding affinity of the F−. This causes the F− to coordinate 

to Fe (II) from the aqueous NaF solution in order for the SyrB2 enzyme to fluorinate 

the SyrB1-PPant-L-Thr substrate. The results of the charge analysis are indicative 

of electronic stabilization from the inclusion of the amine group, which allows for 

charge modulation of the resonant X-Fe-Ligand complex. The binding affinities of 

the halides show that binding is favorable among all the models assessed. The 

charge results are shown in Figure 5.5, and the associated binding affinities are 

reported in Table 5.2.  

The NBO charges show the effect of the resonance stabilization of the inclusion 

of the amine functional group in the NOG ligand. In the native αKG/Cl and the 

αKG/F models, we see consistency in the NBO charges of the atoms in the αKG 

ligand, namely that the C in the 𝛾-position and the carbonyl C have the same 

charges (-0.51 and 0.53, respectively). We also see similarities in the charges for 

Fe-coordinated carbonyl O, -0.61 for αKG/Cl and -0.63 for αKG/F, as well as the 

Fe-coordinated carboxylate O, -0.79 for αKG/Cl and -0.80 αKG/F. Comparison of 

the halide partial charges is consistent with chemical intuition – fluorine is more 

electronegative than chlorine, therefore we would expect a more negative partial 

charge on F− (-0.69 in αKG/F) compared to Cl− (-0.66 in αKG/Cl), however these 

charge differences are minimal. Finally, we look to the partial charge of the Fe for 

both models. In the αKG/Cl model, the Fe has a partial charge value of 1.12, which 

is less positive than the subsequent charge on the Fe in αKG/F, 1.18. 



 78 

   

Figure 5.5: The NBO charge analysis for the minimal IM1 model for the various 
halide/ligand combinations tested. (a) is NOG/F, (b) is αKG/F, (c) is NOG/Cl, and 

(d) is the native αKG/Cl.  

 When we compare the αKG models (Figure 5.5b&d) to the NOG models (Figure 

5.5a&c), we see differences, but not large ones. The partial charge of the F− ion is 

-0.69, the same as the αKG/F model, as is the charge on the Fe-coordinated 
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carboxylate O (-0.80). The partial charge on the Cl is -0.68, which is slightly more 

negative than the αKG/Cl, however the carboxylate O is slightly less negative in 

the NOG/Cl (-0.77).  For the other atoms analyzed, we do see some changes. The 

N of the amide group in the 𝛾-position of the NOG ligand is more negative than the 

𝛾-C atom in the αKG ligand for all models tested, which follows electronegativity 

trends. However, this additional negative charge can be seen influencing the now-

conjugated amide group, namely that the carbonyl C is more positive at 0.62 for 

NOG/F and 0.61 for NOG/Cl. The carbonyl O is also more negative at -0.70 

(NOG/F) and -0.69 (NOG/Cl). The charge on the Fe is only slightly more positive 

than the αKG/F model at 1.20, therefore we can assume that the additional charge 

density from the amide pulls charge density from the Fe center, allowing F to bind 

more easily to the more positive Fe. However, the more negative Cl− in NOG/Cl 

does not influence the partial charge on Fe, seeing as the value for NOG/Cl is 1.11 

and 1.12 for αKG/Cl. 

Table 5.1: Sum of selected partial charges for the NBO charge analysis of the three 
ligand combinations tested for IM1 in Figure 2.1.  

 NOG/F 𝛂KG/F NOG/Cl 𝛂KG/Cl 

Fe2+ 1.20 1.18 1.11 1.12 

Ocarbonyl -0.70 -0.63 -0.69 -0.61 

X- -0.69 -0.69 -0.68 -0.66 

Sum -0.19 -0.14 -0.26 -0.15 

   

Another way to analyze this data is to add the partial charges of the X-Fe-O 

moiety together to assess the influence of these changes, which can be found in 

Table 5.1. The values of the sum of the Fe, carbonyl O, and halogen do not differ 
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by more than 0.12 charge units, which is surprising considering fluorination is 

observed for NOG/F but not observed with αKG/F. It is also unexpected that the 

most negative of the models is the NOG/Cl, but this could indicate that it is too 

negative and therefore no longer in the optimal charged position for halogen 

binding. The influence of the NOG ligand was found to cause both NOG models to 

have the most negative partial charge sum compared to the αKG-containing 

models, which is indicative of the influence of the new amide functional group that 

could allow for initial binding of the F− ion, but an unfavorable charged region for 

Cl−. Further calculations would need to be performed to probe this phenomenon.  

Another metric analyzed for IM1 was the free energy of halogenation of the Fe 

center, as defined by eq. 5.1. This free energy value includes the binding free 

energy of the halogen, as well as the energetics necessary to overcome hydration. 

Interestingly, the binding affinity seems to depend on the halogen, not the ligand. 

This is apparent through observation of the free energy values reported in Table 

5.2.  

Table 5.2: Free energy of halogenation of Fe in SyrB2 as calculated by eq. 5.1.  

Ligand/Halogen 
Combo 

∆𝑮𝑿 𝒃𝒊𝒏𝒅 (eq. 5.1) 
kcal/mol 

⍺KG/Cl -7.7 

NOG/Cl -3.6 

⍺KG/F -11.2 

NOG/F -12.1 
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Both values for the fluoride models show energies more negative than -10 

kcal/mol, whereas both models tested with chloride are less negative than -10 

kcal/mol, meaning that Cl binds weaker to Fe than F regardless of the choice of 

ligand. When we compare the two halide models to each other, ⍺KG/Cl to NOG/Cl 

and ⍺KG/F to NOG/F, we do see an interesting trend. The ⍺KG/Cl model binds 

more easily to the Fe compared to the NOG/Cl by 4.1 kcal/mol, and the NOG/F 

binds more easily to the Fe than the ⍺KG/F by 0.9 kcal/mol. While the difference 

in free energies for the F models is small, it does indicate a preference for the 

NOG/F combination, just as the Cl models show a preference for the ⍺KG/Cl 

combination.  

The stronger binding of F− models compared to Cl− models could be explained 

by the charge analysis results and electronegativity trends. For the two models 

with Cl−, the Fe has a charge of 1.11 to 1.12 whereas the models with F− have Fe 

partial charges of 1.18 and 1.20. F− is more electronegative than Cl−, and the more 

electronegative F− causes a more electropositive Fe due to the electron 

withdrawing nature of the F− when compared to the Cl− models. While Cl− is also 

very electronegative, the influence of the Cl− on the Fe is not as strong as F−, 

leading to a less electropositive Fe (II) and an overall weaker coordination. This is 

supported by the charge analysis of the NOG/Cl model, where the Cl− has a slightly 

more negative partial charge compared to the native ⍺KG/Cl (-0.68 and -0.66, 

respectively) however the charge on the Fe is barely affected (1.11 for NOG/Cl and 

1.12 ⍺KG/Cl).  
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5.3.2 Halogenase Mechanism 

The mechanism for the catalytic cycles was studied for IM2 to IM5, however 

IM2 is more thoroughly being analyzed currently due to a possible geometric issue 

regarding the torsion of the unbound carboxylate group in the ⍺KG and NOG 

ligands, therefore our analysis will focus on catalysis from the ferryl intermediate, 

IM3, to halogenation of the L-Thr residue. We find that the NOG/F system follows 

a similar energy path to the native ⍺KG/Cl system, and in the case that formation 

of IM3 occurs, the subsequent hydrogen abstraction by the Fe(IV)=O will most 

likely occur followed by halogenation of the radical −CH2 group. These results are 

shown in Figure 5.6.  

 

Figure 5.6: Free energy reaction profile of catalysis from IM3-IM5 for SyrB2 
halogenase, reported relative to IM3 in kcal/mol. (Dark Green): The native ⍺KG/Cl 
model, (Light Green): the NOG/F model. The structural images of the active site 
are indicative of the native enzyme system. 
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 In the reaction profile, the free energies for the ⍺KG/Cl and NOG/F systems are 

plotted for IM3-IM5. The reaction profiles are very similar, with an overall 

exergonically favorable pathway. In IM4, surprisingly the hydrogen abstraction step 

is downhill by 3.3 kcal/mol for NOG/F whereas the native ⍺KG/Cl IM4 (9.8 kcal/mol) 

is 13.1 kcal/mol higher in energy than the NOG/F system. The increased stability 

of the NOG/F state could be attributed to the additional electronic stability from the 

more electron-donating NOG ligand, therefore stabilizing the high spin (S=3/2) 

ferric intermediate more than the ⍺KG/Cl, however the DFT calculation for the 

NOG/F model does have significant spin contamination (S2=7.01) indicating that 

the calculation does have contribution from higher spin states, compared to the 

⍺KG/Cl (S2=6.04).  

 Additionally, the hydroxylation potential of the NOG/F model was calculated by 

swapping the positions of the F− and OH− groups in order to assess whether the 

active site could feasibly undergo a reorientation to allow for hydroxylation of the 

L-Thr residue. Work performed by Huang et al. performed similar anaylsis of this 

competitive pathway,158 and this competition is also seen in a different non-heme 

Fe halogenase enzyme, Wel05.119 The results indicate that hydroxylation for the 

NOG/F model is unlikely, as the reoriented system is 14.2 kcal/mol higher in energy 

than IM4. This transformation and the energies of the two intermediates can be 

found in Figure 5.7. Further calculations are in progress to determine the possibility 

of hydroxylation in the native ⍺KG/Cl model for SyrB2.  
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Figure 5.7: IM4 Fe-centered reorientation of F- and OH- to assess viability of 
hydroxylation of the radical -CH2 group. The structure on the left is the structure of 
IM4 for NOG/F, and the structure on the right is the F-/OH- reorientation. The 
associated energies of the intermediates are set relative to IM3.  

 After the hydride abstraction step, IM4, the halogenation of the L-Thr residue 

occurs in IM5. Transition state calculations were attempted to isolate the barrier 

for the transition from IM4 to IM5, however the imaginary frequencies of the current 

transition states indicate a coupled reaction between the Fe-X-CH2 transition and 

an HO-H-H2N transition of the Fe-OH ligand with the NH3 group of the L-Thr residue 

amino acid backbone. Further studies into the transition state between IM4 and 

IM5 are being studied, including a manual scan of the Fe-X-CH2 transition to 

determine whether the halogenation is a barrierless transition, which preliminary 

results indicate at this time.  

For the formation of IM5, as can be seen in the reaction profile (Figure 5.6), the 

halogenation step is exergonic by 34.1 kcal/mol in ⍺KG/Cl and 25.1 kcal/mol in 

NOG/F. This leads to the conclusion that should the ferryl Fe(IV)=O intermediate 

IM3 form, it is highly likely that hydrogen abstraction and the subsequent 

halogenation steps will occur.  

Work is currently ongoing for this study, including study of the position of the 

non-Fe-bound carboxylate tail of the ⍺KG or NOG ligand, isolation of a concerted 

reaction pathway transition state between IM2 and IM3 for the formation of the 
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ferryl Fe(IV)=O intermediate, and mechanistic studies for the other model systems 

mentioned, ⍺KG/F and NOG/Cl.  

5.4 Conclusion 

In this section, we studied the non-heme Fe halogenase SyrB2, which natively 

chlorinates the L-Thr residue of the substrate SyrB1-PPant-L-Thr system for the 

potential to fluorinate the substrate with slight modification of the enzyme. 

Specifically, modification of the native ⍺KG ligand to an NOG ligand has been 

experimentally shown to be active in fluorination. While this work is still ongoing, 

we have found that the Cl− binds more strongly to Fe in the presence of ⍺KG as 

opposed to NOG, whereas the F− binds more strongly to Fe in the presence of 

NOG as opposed to ⍺KG. The overall binding energy indicates the F− models bind 

more strongly to the Fe than Cl− models, but this can be attributed to the influence 

of the difference in electronegativity of the halides on the partial charge of the Fe. 

The NBO charges of the various ligand/halide combinations were also studied, but 

no conclusive results were found regarding the chemical reason the NOG/F 

combination is viable. 

 Finally, while analysis of the mechanism for the halogenation of the substrate 

is also ongoing, we can see the halogenation step is very exergonic, and assuming 

the formation of the highly active Fe(IV)=O intermediate, IM3, this reaction will 

proceed to form SyrB1-PPant-4-X-L-Thr where X is either Cl or F. Finally, we 

showed for the NOG/F ligand/halogen combination, the competing hydroxylation 

pathway would have to overcome a 14.2 kcal/mol reorientation, meaning the 
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fluorination pathway is the most likely mechanism and that the competing 

hydroxylation pathway is unlikely to occur. Currently, ongoing work for this system 

includes analysis of the competing hydroxylation pathway for the other 

ligand/halogen combinations, as well as determination of the mechanism through 

isolation of transition states.  
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6. Ti-Catalyzed Synthesis of Carbodiimides from Nitrene 

Transfer Reactions with Isocyanides 

6.1 Introduction 

Transition metal-catalyzed nitrene transfer reactions are efficient and highly 

atom economical routes for the synthesis of nitrogen-containing molecules.159-162 

There are many examples of transition metal-catalyzed nitrene transfer using 

Rh163-166, Ag167, and late transition metal porphyrin complexes.168-170 However, 

there are significantly fewer examples of catalytic nitrene transfer reactions with 

early transition metals. This is partly because the reactivity of high-valent early 

transition metal imido (M≡NR) complexes is dominated by redox-neutral reactions 

such as [2+2]-cycloaddition and 1,2-addition.171-174 Recently, we have 

demonstrated that azobenzene can be used as an oxidant in formal nitrene 

transfer reactions that stem from initial Ti≡NR and alkyne [2+2]-cycloaddition.175-

182 In an effort to expand the use of azobenzene as a nitrene source in catalytic 

reactions beyond [2+2] cycloadditions, we sought to use isocyanides as migratory 

insertion partners with Ti≡NR fragments en route to catalytic carbodiimide 

formation. 

Carbodiimides are used as dehydration reagents in chemical synthesis,183-185 

polymer materials,186, 187 and dyes.188-191 Unsymmetrical carbodiimides are often 

synthesized via dehydration of ureas192, 193 or dehydrosulfurization of thioureas.194, 

195 However, nitrene transfer to isocyanides is an attractive alternative as it 

provides a potentially more direct and atom economical alternative.196-205  
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Figure 6.1: Examples of catalytic carbodiimide formation using early transition 
metals. Top: Redox-active ligands enable oxidation with a Zr catalyst. Bottom: π-
overloading yields Nb (bis)imidos that are active toward isocyanide insertion. Both 

proceed through key 2-carbodiimide adducts. 

Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  

Although there are several examples of isocyanide migratory insertions into 

high-valent early transition metal imidos,206-210 there are only two examples of 

catalytic carbodiimide formation (Figure 6.1). In one case, Heyduk used a redox-

active (tris)amide ligand capable of reversible reduction from an NNN-1 “quinonate” 

to an NNN3- catecholate on Zr (NNN3- = bis(2-isopropylamido-4-

methoxyphenyl)amide).205 A similar approach for catalytic nitrene carbonylation 

has been demonstrated by Wolczanski using a redox-active diamide-diimine 

RN3   +   tBuNC

R = Ad, tBu quantitative

RN=C=NtBu   +   N2

 10% (NNN)ZrCl 

C6D6, 55 oC, 2 h

N

N

N

MeO

MeO

iPr

iPr

Zr

Cl

N

N

N

MeO

MeO

iPr

iPr

Zr

Cl

NR

C
NtBu

(NNN)1-

(NNN)ZrCl via:

 6% (BDI)Nb(NtBu)2 

C6D6, 80 oC, 20 h

tBuN3   +   RNC tBuN=C=NR   +   N2

TON up to 17R = Cy, Bn, nBu

excess

(NNN)3-

N

N
Ar

Ar

Nb

NtBu

NtBu
N

N
Ar

Ar

Nb

N

NtBu

C

tBu

NR

(BDI)Nb(NtBu)2 via:

Ar = 2,6-iPr2Ph



 89 

(dadi2-) ligand capable of reversible reduction to an ene-tetraamide dadi4- ligand 

(dadi2- = [-CH=N(1,2-C6H4)N(2,6-iPr2-C6H3)]2).211 In the second case, Arnold and 

Bergman have accomplished catalytic carbodiimide formation using a -loading 

strategy with (BDI)Nb(NtBu)2 (BDI = 2,6-diisopropylphenyl-β-diketiminate),204 

where the two imido ligands competitively -donate into the Nb center, providing a 

more reactive imido. Both examples of catalytic carbodiimide formation use azides 

as the terminal oxidant (Figure 6.1).  Herein, we report that catalytic nitrene transfer 

from diazenes to isocyanides can be achieved with simple Ti imido halide 

complexes, demonstrating that the redox-noninnocence of the substrates and 

products are enough to stabilize otherwise high-energy low-valent intermediates. 

6.2 Computational Details 

Geometry optimizations were performed using the Gaussian09 program 

version e01.63 Calculations were run using the restricted M06 functional212 at the 

6-311G(d,p) basis set213 with a superfine grid, and the Solvation Model Based on 

Density (SMD) model214 for PhCF3 with ε  = 9.18. Thermodynamic corrections were 

calculated with frequency analysis to be either minima (with no imaginary 

frequencies) or transition states (with one imaginary frequency) with temperature 

corrections at 388.15 K. All non-imaginary frequencies smaller than 50 cm-1 were 

shifted to 50 cm-1 for the thermal energy calculation to correct the fictitious large 

contribution caused by small frequencies due to the harmonic oscillator 

approximation.  



 90 

The intrinsic bond orbitals (IBOs)215, 216 were generated in MOLPRO217, 218 

using the restricted M06 functional at the 6-311G(d,p) basis set and were 

visualized using VMD 1.9.3.80 The natural bond order (NBO) calculations were 

performed to calculate the occupation numbers for the 3d orbitals of the various 

ligand combination pathways. We used the NBO 5.0 program219, 220 following the 

procedure for generating the d orbital occupation numbers outlined in Webster et 

al.221 

6.3 Results and Discussion 

6.3.1 Reaction Coordinate comparison of various ligand combinations 

1,1-insertion of early metal imidos into isocyanides has been demonstrated 

previously,206-210 however we wanted to explore the mechanism of this reaction in 

more detail to understand how ligands, substrates, and products could 

synergistically affect the Ti redox process. Compared to previous catalytic 

examples where overt redox-noninnocent ligands were used to promote 

catalysis,205 here the critical factors promoting redox catalysis are less clear. Same 

excess kinetic measurements indicated both product inhibition and catalyst 

decomposition over the course of the reaction, precluding a full kinetic investigation 

(Beaumier et al.,222 Figures S53 and S54). Further preliminary kinetic studies 

indicated very complex and intractable reaction orders. Thus, we turned to DFT 

calculations to give further insight into the potential speciation and energetics of 

catalysis.  
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Figure 6.2: Proposed mechanism for carbodiimide formation using isocyanides 
and diazenes catalyzed by [py2TiBr2(NtBu)]2. 

Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  

Combined experimental and DFT results are consistent with the mechanism of 

1-tert-butyl-3-arylcarbodiimide formation proposed in Figure 6.2. First, an 

isocyanide coordinates to the Ti-imido, which then undergoes a 1,1-migratory 

insertion into the Ti-imido bond, generating an η2-carbodiimide. Next, substition of 

carbodiimide ligand with PhNNPh occurs via either an associative or dissociative 

manner to give the product carbodiimide and an η2-hydrazido, which 

disproportionates177, 223-226 to regenerate the Ti imido and 0.5 equiv. PhNNPh. The 

formation of tBuNCNtBu via retro-1,1 insertion will be discussed later (vide infra) in 

Section 6.3.3. 
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Figure 6.3: Free energy (kcal/mol) reaction profiles for various ligand combinations 

for isocyanide imination catalysis. Free energy values listed are for L = 

azobenzene. For all other free energy values, see Table 6.1. 

Adapted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  

A significant challenge in studying these simple Ti halide catalytic systems is 

the potential for speciation. Previous DFT analysis of Ti-catalyzed nitrene transfer 

in the [2+2+1] synthesis of pyrroles showed large energetic changes based on 

ligand speciation.178 Here, pyridine (py), isocyanide, azobenzene, or carbodiimide 

could potentially act as a spectator ligand in some (or all) steps of catalysis. As a 

result, we undertook a study of the effect of various ligand combinations across 

the entirety of the reaction profile (Figure 6.3). The 6 spectator ligand combinations 

investigated were a single pyridine (pink), two pyridines (blue), 

pyridine/isocyanide (green), 1 isocyanide (grey), two isocyanides (red), and 
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azobenzene (orange). In all possible ligand combinations, pathways matching the 

steps shown in Figure 6.2 were found to be lowest energy.  

Table 6.1: Free energies (kcal/mol) for intermediates and transition states of 
various ligand combinations shown in Figure 3. The lowest-energy species for 
each intermediate/transition state is bolded and italicized. 

 
IM0 IM1 TS1 IM2 TS2 IM3 

1 py -3.7 -5.5 19.8 6.7 -- 44.5 

2 py 0.0 -1.6 23.2 12.8 30.1 25.8 

1 py &1 tBuNC -2.6 1.7 24.5 13.9 26.2 22.1 

1 tBuNC 7.8 -0.08 29.3 11.0 26.8 38.4 

2 tBuNC 2.3 6.1 29.3 15.6 23.8 21.4 

PhNNPh -4.6 0.03 20.7 4.0 6.6 -11.4 

 
Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  
 

The ancillary ligand combination significantly impacts the energetics of 

catalysis (Table 6.1). A key observation is that many possible ligand combinations 

are close in energy, and thus multiple species may be participating in catalysis. 

Most importantly, however, is that coordination of azobenzene (Figure 6.3, 

orange) significantly lowers the barrier for all steps of catalysis—in particular, there 

is a strong effect on product release. As will be discussed below, this is due to two 

factors: (1) azobenzene is not a strong -donor ligand, resulting in an electron-

deficient Ti that facilitates 1,1-migratory insertion in TS1; and (2) azobenzene is a 

strongly -accepting ligand and can directly accept the pair of electrons in TS2 that 

were formerly backbonding into the C=N * of the η2-carbodiimide ligand, 

cirvumenting the formation of a discrete TiII species proceeding from TS2 to IM3. 
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This -acceptor character can be observed in the computed azobenzene N-N bond 

lengths: from IM0 through TS2, the N-N bond length of 1.25 Å is consistent with 

an N=N double bond, but upon carbodiimide dissociation it is lengthened to 1.40 

Å in IM3.  

Table 6.2: Selected calculated bond lengths (in Å) for all ligand combinations 
studied in the carbodiimide formation pathway for IM1, TS1, IM2, and TS2. 

Ligands Complex Ti-N Bond Length (Å) Ti-C Bond Length (Å) C-N Bond Length (Å) 

pyridine/pyridine IM1 1.70 2.24 2.89 

 TS1 1.76 2.02 1.71 

 IM2 1.90 2.10 1.34 

 TS2 2.07 2.53 1.27 

pyridine/isocyanide IM1 1.71 2.24 2.84 

 TS1 1.77 2.01 1.75 

 IM2 1.90 2.11 1.33 

 TS2 2.07 2.53 1.27 

isocyanide/isocyanide IM1 1.71 2.25 2.85 

 TS1 1.77 2.01 1.75 

 IM2 1.91 2.12 1.33 

 TS2 2.07 2.51 1.27 

pyridine IM1 1.69 2.24 2.79 

 TS1 1.76 2.01 1.7 

 IM2 1.88 2.06 1.35 

isocyanide IM1 1.69 2.24 2.82 

 TS1 1.76 2.01 1.64 

 IM2 1.88 2.08 1.35 

 TS2 2.04 2.58 1.27 

azobenzene IM1 1.68 2.23 2.81 

 TS1 1.77 2.02 1.79 

 IM2 1.91 2.06 1.34 

 TS2 2.29 1.92 1.34 

 
Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  

 
Additional bond lengths for the reaction area of the catalysis, Ti-N, Ti-C, and C-

N, were analyzed and presented below in Table 6.2 for all ligand combinations 
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tested. In general, as the carbodiimide is formed and released, the Ti-N bond 

length increases, the C-N bond length decreases, and the Ti-C shortens then 

elongates on the release of the carbodiimide. There is one notable deviation in the 

TS2 bond lengths for the azobenzene ligand catalyst. Shown below in the NBO 

analysis (Table 6.3), the Ti(IV) does not reduce to Ti(II) upon dissociation of the 

carbodiimide product, which explains the difference in the TS2 geometry. This 

geometry has a shorter Ti-C bond length than the other ligand combinations tested, 

and a longer Ti-N bond. The C-N bond length for the azobenzene TS2 is the same 

as the azobenzene C-N bond length in IM2.  

6.3.2 IBO and NBO Analysis 

Next, IBO analysis was carried out on the reaction pathway with ligated 

azobenzene (Figure 6.4). IBOs provide a connection between DFT calculations 

and the curved arrow formalism215, 216 and give a simple view of electron flow 

during a reaction. For the 1,1-insertion step (Figure 6.4A, IM1 proceeding through 

TS1 to IM2) an electron pair on one of the Ti≡NR -bonding orbitals (blue) attacks 

the isocyanide C=N * orbital, forming the new C=N bond and pushing an electron 

pair on to N (red). This type of Ti≡N  to C-N  bond-forming event is reminiscent 

of our recent report on [2+2+1] pyrrole formation178 where C-N bond formation 

occurs through  orbitals in an electrocyclization event. For the product release 

step (Figure 6.4B, IM2 proceeding through TS2 to IM3), the azobenzene -

acceptor character is very important. Here TS2 involves 3 critical orbital changes: 

(1) breaking of the tBuNC-Ti  bond to form the product carbodiimide C=N  bond 
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(orange), (2) breaking of the Ti=NPh  bond to form a new  backbond with 

azobenzene (orange), and (3) breaking of the Ti-NPh σ-bond to form the 

carbodiimide N lone pair (purple).  

 

Figure 6.4: (A) IBOs of the reactant (IM1), transition state (TS1), and product (IM2) 

in the first step of isocyanide imination.  The IBOs show the Ti-N -bond forming a 

new N-C  bond (blue orbital) and the C-N -bond forming a new N lone pair (red 
orbital). (B) IBOs from the intermediate (IM2), transition state (TS2), and final 

dissociated product (IM3).  The IBOs show the Ti-N  bond breaking to form a new 

N lone pair (purple orbital), the Ti-C  bond breaking to form a new C=N -bond 

(orange orbital), and a delocalized N lone pair/Ti-N -bond transferring through the 

titanium to form a new Ti-N -bond with azobenzene (green orbital).  

Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  
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Table 6.3: NBO derived Ti 3dz
2 occupancies of calculated intermediates. Values 

closer to 0.4 (black) are assigned as formally Ti (IV) while closer to 0.6 (red) are 
assigned as formally Ti (II). Values between 0.4 and 0.6 are shown in (pink).  

Ligands Complex Occupation Numbers  Formal Oxidation State 

pyridine/pyridine IM0 0.31 +4 

  IM1 0.31 +4 

  TS1 0.35 +4 

  IM2 0.44 +4 

  TS2 0.65 +2 

  IM3 0.63 +2 

pyridine/isocyanide IM0 0.30 +4 

  IM1 0.32 +4 

  TS1 0.36 +4 

  IM2 0.46 +4 

  TS2 0.56 +2/+4 

  IM3 0.62 +2 

isocyanide/isocyanide IM0 0.31 +4 

  IM1 0.32 +4 

  TS1 0.37 +4 

  IM2 0.47 +4 

  TS2 0.57 +2/+4 

  IM3 0.62 +2 

pyridine IM0 0.32 +4 

  IM1 0.31 +4 

  TS1 0.36 +4 

  IM2 0.45 +4 
 TS2 no optimized geometry 

  IM3 0.76 +2 

isocyanide  IM0 0.32 +4 

  IM1 0.31 +4 

  TS1 0.39 +4 

  IM2 0.45 +4 

  TS2 0.58 +2/+4 

  IM3 0.67 +2 

azobenzene IM0 0.31 +4 

  IM1 0.31 +4 

  TS1 0.35 +4 

  IM2 0.44 +4 

 TS2 0.40 +4 

  IM3 0.39 +4 

 
Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  

NBO analysis219, 220 further supports the importance of the azobenzene -

acceptor character. Previously, we have benchmarked formal Ti oxidation states 

by examining the occupancy of the Ti 3dz
2 orbital through NBO analysis, where 
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occupancies closer to 0.4 correlate well to formal TiIV, and occupancies closer to 

0.6 correlate well to formal TiII. The 3dz
2 occupancies of all intermediate ligand 

combinations, as well as for the 1,1-insertion and product dissociation transition 

states TS1 and TS2, are presented in Table 6.3. Here, structures with weaker 

donors (pyridine, azobenzene) have lower 3dz
2 occupancy in TS1 (correlating to a 

more oxidized Ti metal center) and thus undergo more facile 1,1-insertion with 

isocyanide. Additionally, structures with -accepting ligands (isocyanide, 

azobenzene) have lower 3dz
2 occupancy in TS2, making ligand loss more facile 

as the building charge on the TiII fragment can be simultaneously buffered by the 

-accepting ligands. Importantly, Ti remains significantly more oxidized when 

azobenzene is a ligand because the weak N=N  bond is an excellent -acceptor—

in fact, by NBO analysis of the 3dz
2 occupancy, Ti remains close to the +4 oxidation 

state throughout catalysis when azobenzene is bound.  

Azobenzene’s synergistic “redox-neutral” buffering of electron density serves 

the same purpose as an ancillary redox noninnocent ligand and was previously 

proposed by Wang for several other Ti redox catalytic reactions.227, 228 

Interestingly, previous computations for pyrrole product release from TiII in the 

related catalytic formal [2+2+1] synthesis of pyrroles does not require this type of 

buffering.178 While the reasons for this difference are currently unclear, a 

contributing factor could be the stability of the released product: in the case of 

pyrrole release, reformation of the aromatic ring (loss of Ti-pyrrole backbonding) 

could be enough of a driving force to eject TiII even in the absence of azobenzene 
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as a redox buffer; on the contrary, in carbodiimide synthesis (and the related 

carboamination reactions calculated by Wang228), formation of a single C=N  

bond is likely not enough of a driving force to eject free TiII. Nonetheless, it is also 

important to note that the other (non-azobenzene bound) pathways are low enough 

in energy (~25 kcal/mol, Table 6.1) that they also may contribute to the overall 

reaction rate to some extent, and that azobenzene is not absolutely critical for 

catalysis. 

6.3.3 Analysis of Competing Mechanisms 

Next, we investigated the formation of the “nitrene scrambled” tBuNCNtBu 

byproducts that were observed in all reactions with tBuNC. Notably, when using 

catalysts py3TiBr2(NPh) and (THF)3TiI2(NPh) (Table 1, entries 2 and 3 from 

Beaumier et al.222; Figure 6.5), tBuNCNtBu was still formed in 8% and 9% yield, 

respectively. These results demonstrate that tBuNCNtBu formation is not solely 

generated from stoichiometric reaction of the tBu imido group of the precatalyst. 

 

Figure 6.5: Formation of tBuNCNtBu using catalytic precurser 2 or 3, py3TiBr2(NPh) 
or (THF)3TiI2(NPh) respectively, demonstrates that this side product is not solely 
formed from Ti(NtBu) precatalyst activation. 

Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  
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A process in which the nitrene fragments are formally scrambled could 

reasonably occur through either an isocyanide metathesis or carbodiimide 

metathesis pathway (Figure 6.6). In an isocyanide metathesis, a Ti≡NPh imido 

undergoes a 1,1-insertion with tBuNC to form an 2-carbodiimide. Instead of 

undergoing ligand dissociation to liberate the carbodiimide product, the 2-

carbodiimide undergoes retro-1,1 insertion to liberate PhNC and a Ti≡NtBu imido, 

which can react further with tBuNC to yield tBuNCNtBu (Figure 6.6, top). In a 

carbodiimide metathesis pathway, an equivalent of tBuNCNPh product undergoes 

[2+2] cycloaddition with a Ti≡NPh imido, ultimately liberating PhNCNPh and the 

Ti≡NtBu imido necessary to yield tBuNCNtBu (Figure 6.6, bottom). There is only a 

single report of d0 metal imido promoted isocyanide metathesis.204 On the contrary, 

there are both stoichiometric229-231 and catalytic232-235 examples of carbodiimide 

metathesis with d0 metal imidos, although dihalide Ti imidos have been shown to 

be poor catalysts for this transformation.234 Experimentally, we have not observed 

either of the expected byproducts of these pathways, PhNC or PhNCNPh, in 

significant quantities, although control experiments indicate that both pathways 

may be operable (Beaumier et al.222 SI, Figure S52).  

Figure 6.7 shows the DFT-calculated free energy profiles of isocyanide 

metathesis (green) and carbodiimide metathesis (red) catalyzed by py2TiBr2(NtBu).  

In the isocyanide metathesis pathway (Figure 6.7, green), the first steps of the 

reaction are identical to productive carbodiimide formation (Figure 6.3, IM0 through 

IM2), where tBuNC first coordinates to the Ti≡NPh imido followed by imido 1,1-
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insertion into the Ti-isocyanide bond, yielding an 2-carbodiimide (IM2). From here, 

the Ti rearranges to the adjacent C=NtBu -bond, resulting in an isomeric 2-

carbodiimide structure (IM3-ICM) of almost equal energy to IM2. IM3-ICM next 

undergoes rate-determining (27.2 kcal/mol) retro-1,1 insertion, yielding a Ti≡NtBu 

imido with a bound PhNC ligand (IM4-ICM), which can dissociate to yield the free 

Ti≡NtBu imido IM5-ICM. In the carbodiimide metathesis pathway (Figure 6.7, red), 

the starting Ti≡NPh imido IM0 undergoes [2+2] cycloaddition with PhNCNtBu, 

yielding the guanadinate IM2-CM. IM2-CM then undergoes rate-determining (34.7 

kcal/mol) retro-[2+2] cycloaddition in the opposite manner, yielding the Ti≡NtBu 

imido IM3-CM with the expulsion of PhNCNPh. 

 

Figure 6.6: Possible mechanisms leading to formation of Ti tert-butyl imido 
moieties responsible for catalytic production of tBuNCNtBu. 

Reprinted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  
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Figure 6.7: Free energy profiles of possible mechanisms leading to formation of Ti 
tert-butyl imido moieties responsible for catalytic production of tBuNCNtBu. Blue: 
carbodiimide formation, same as Br2Ti(NPh)py2 from Figure 6.3 (blue). Green: 
isocyanide metathesis with tBuNC. Red: carbodiimide metathesis with PhNCNtBu.  
 
Adapted with permission from Beaumier, E. P.; McGreal, M. E.; Pancoast, A. R.; Wilson, 
R. H.; Moore, J. T.; Graziano, B. J.; Goodpaster, J. D.; Tonks, I. A. ACS Catalysis 2019, 
9 (12), 11753-11762. Copyright 2019 American Chemical Society  

Comparing the scrambling pathways, the rate-determining barrier for 

isocyanide metathesis (TS3-ICM, 27.2 kcal/mol) is significantly lower than for 

carbodiimide metathesis (TS2-CM, 34.7 kcal/mol), indicating that isocyanide 

metathesis is the likely major pathway of scrambling. The computed rate-

determining step for productive unsymmetrical carbodiimide formation (Figure 6.7 
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blue and Table 6.1, TS2, 2 py, 30.1 kcal/mol) is slightly higher than TS3-ICM for 

isocyanide metathesis. However, these calculations were performed with 2 

ancillary pyridine ligands, and upon ligand exchange to azobenzene the productive 

redox pathway to unsymmetrical product is much lower in energy (Table 6.1, TS2, 

1 azobenzene, 6.6 kcal/mol). Since isocyanide and carbodiimide metatheses are 

redox neutral pathways, coordination of azobenzene will not significantly change 

the barrier for TS3-ICM or TS2-CM (by analogy, as seen in Figure 6.3, and Table 

6.1, the barrier for TS1 changes < 5 kcal/mol moving from py2 ligation to 

azobenzene ligation). Thus, productive catalysis will in most cases kinetically 

outcompete isocyanide metathesis if azobenzene is present, accounting for the 

low yields of the symmetrical tBuNCNtBu byproduct. 

6.4 Conclusion 

In conclusion, we have demonstrated that catalytic nitrene transfer to 

isocyanides using diazenes or azides can be accomplished with the simple Ti 

imido halide complex [Br2Ti(NtBu)py2]2. DFT analysis of the reaction profile 

suggests that during the initial steps of isocyanide coordination to Ti and 1,1 

migratory insertion, the ligand environment around Ti is somewhat ambiguous, 

showing similar barriers for several possible ligand combinations. Alternatively, the 

carbodiimide dissociation step likely proceeds while Ti is bound to a diazene ligand 

in an overall associative ligand exchange process, given that the barrier for 

carbodiimide dissociation is significantly lower with this combination than all other 

possibilities probed. The low barrier for azobenzene-bound Ti to dissociate an 2-
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carbodiimide is a result of the azobenzene acting as a redox buffer, immediately 

accepting a pair of electrons upon dissociation of the 2-carbodiimide and 

circumventing a discrete TiII intermediate.  

In addition, the unanticipated formation of the symmetrical carbodiimide 

tBuNCNtBu, a byproduct observed during catalysis, was proposed to form via a 

rare isocyanide metathesis mechanism evidenced through both experiment and 

DFT analysis. This is only the second report of an isocyanide metathesis in the 

literature. Importantly, this study indicates that substrates that can participate in 

synergistic backbonding/redox buffering to significantly reduce the barrier for 

overall redox processes, which may provide further avenues for exploring early 

transition metal redox catalysis outside of more classical redox noninnocent ligand 

designs. 
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7. Quantifying Chemical Hardness of Anions 

7.1 Introduction 

Supramolecular anion recognition is the study of structures and functions of the 

resultant supermolecules from the binding of anions to molecular receptors.236, 237 

Supramolecular recognition of anions in water is key to the design of molecular 

probes for their detection and of receptors for their sequestration and transport 

which have applications in both medical and environmental fields.238-244 

Lanthanide complexes have multiple benefits as probes for anions such as 

phosphates245-257, carbonates246, 247, 258-262, fluorides263-266, cyanides267, 268, and 

certain carboxylates245-248, 269-272. Lanthanides are favored for practicality due to 

their labile nature, meaning these metal ions exchange ligands rapidly.273, 274 

Among such metal-based receptors for anions, lanthanide complexes with open 

coordination sites are uniquely promising since both their magnetic and 

luminescent properties are affected by anion coordination. Therefore, lanthanide-

based receptors for anions can also behave as molecular sensors. For example, 

gadolinium (III) complexes have been used as relaxivity probes or responsive MRI 

contrast agents.275, 276  

The difficulty in designing lanthanide-based probes is to establish selectivity for 

one anion over competing ones. To date, developing lanthanide-based receptors 

for a desired anion with high affinity and selectivity remains, for the most part, 

serendipitous. Some features that have been found to influence the binding and 

selectivity have been isolated, such as ligand geometry, steric hindrance at the 
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binding site, and Coulombic interactions. However, the geometry of the complex is 

not convincing enough justification for many of the observed anion selectivity by 

lanthanide complexes. For certain Gd (III) containing complexes, specifically Gd2 

from Figure 7.1, the open coordination sites have little steric hindrance for 

anions277, 278, however this complex has no affinity for carbonates, phosphates, or 

fluorides and weak affinity for oxalate.279 Surprisingly another species, Gd1 (Figure 

7.1), which has nearly a nearly identical geometric structure to Gd2, has high 

affinity for phosphates but a weak affinity for bicarbonate.257  

 

Figure 7.1: Chemical structures of tripodal Gd (III) complexes for anion recognition.  

Reprinted with permission from Raju, M. V. R.;  Wilharm, R. K.;  Dresel, M. J.;  McGreal, 
M. E.;  Mansergh, J. P.;  Marting, S. T.;  Goodpaster, J. D.; Pierre, V. C. Inorganic 
Chemistry 2019, 58 (22), 15189-15201. Copyright 2019 American Chemical Society  

To further elucidate properties that affect anion affinity for these Gd (III) 

complexes, properties such as hydration free energy, basicity, and molecular 

radius were probed. Additionally, absolute chemical hardness280 was calculated 
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using computational methods for a series of anions in solution to assess the 

binding affinity of these specific anions to a lanthanide containing complexes, 

specifically the Gd (III) complexes which contain tris-bidentate chelating ligands 

shown in Figure 7.1.237  

Hardness is a property that describes the resistance to changes in electronic 

configuration of chemical complexes. This property, along with electronegativity, is 

considered an indicator of chemical reactivity and stability, making it of interest for 

studying various trends among chemical systems. Mathematically, it is defined as 

the second derivative of the energy of the system, 𝐸, with respect to 𝑁 number of 

electrons at a constant external potential (𝜐): 

The electronic chemical potential of the system is the first derivative of the energy 

with respect to 𝑁 number of electrons at a constant external potential, similar to 

hardness. 

This definition of chemical potential suffers from 𝑁 integer discontinuity, which 

causes different values of the derivative for the removal or addition of electrons. 

These are estimated by finite differences, so Parr and Pearson281 proposed an 

operational definition of chemical hardness (eq. 6.3). 

 𝜂 =
1

2
(

𝜕2𝐸

𝜕𝑁2)
𝜐
  (6.1) 

 𝜇 = (
𝜕𝐸

𝜕𝑁
)

𝜐
  (6.2) 

 𝜂 =
𝐼−𝐴

2
   (6.3) 
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In this definition, 𝐼 is the vertical ionization energy (eq. 6.4), and 𝐴 is vertical 

electron affinity (eq. 6.5). 𝐸𝑁 refers to the energy of the neutral system (𝑁), 

whereas 𝑁 + 1 is the anionic species and 𝑁 − 1 is the cationic species.  

There is some difficulty in computationally calculating the chemical hardness 

of anions with DFT. First, anions are unstable due to the electron detachment, 

meaning it cannot be described with a standard DFT total energy calculation. A 

standard DFT calculation can reasonably estimate relative trends in hardness with 

a medium sized basis set, but this is an artificial phenomenon caused by the 

binding of the electron due to the finite basis set. The addition of diffuse functions 

to the basis set do improve this by allowing electrons to leave the system for 

continuum or dipole bound states; however this causes the electron affinity, 𝐴, to 

approach zero, causing chemical hardness and potential to approach 𝐼 /2.280  

Setting electron affinity to zero is an alternative approach; however, this leads 

to hardness being equivalent to the negative chemical potential, meaning there is 

no need to distinguish between the two quantities. Physically, this means the gain 

and loss of electrons are treated equally in the definition of hardness. However, 

this excludes ions that exhibit strong bias towards unidirectional flow of charge. 

So, if 𝐴 is highly negative, it is resistant to the uptake of charge (also yielding high 

chemical hardness) which is not captured when 𝐴 = 0. One could include explicit 

negative electron affinities; however, this broadens the scale of hardness. Instead, 

 𝐼 = 𝐸𝑁−1 − 𝐸𝑁  (6.4) 

 𝐴 = 𝐸𝑁 − 𝐸𝑁+1  (6.5) 
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one can use a Koopman-type theorem282, 283 to rewrite chemical hardness (eq. 6.6) 

and potential (eq. 6.7) using KS-DFT orbital energies, 

Large errors are found when using these equations, even though relative 

information for a series of systems or molecules are reliable. Tozer and De Proft284 

found that the errors associated with local functionals for equation 6 can be 

understood from studying the integer discontinuity problem previously mentioned. 

They propose that, assuming local functionals average over the discontinuity, if 

one includes the relationships between the 𝑁 + 1  and 𝑁 − 1  sides of 𝑁, the 

following equation can be used with local functionals: 

One of the main benefits of this equation for hardness is the lack an explicit 

calculation of electron affinity, requiring only two KS calculations on 𝐸𝑁 and 𝐸𝑁−1. 

Additionally, this formalism creates an unconventional definition of electron affinity,  

When electron affinity was calculated using equation 6.9, De Proft et al. found a 

mean absolute error of 0.49 eV for electron affinity when compared to conventional 

definitions (such as eq. 6.5). Additionally, using this method of calculating chemical 

hardness, trends in chemical hardness were consistent with chemical intuition and 

experimental gas phase hardness values of corresponding radicals.280  

 𝜂 =
𝜀LUMO−𝜀HOMO

2
  (6.6) 

 𝜇 =
𝜀HOMO+𝜀LUMO

2
 . (6.7) 

 𝜂 =
𝜀LUMO−𝜀HOMO

2
+ (𝜀HOMO + 𝐼)  (6.8) 

 𝐴 = −(𝜀LUMO + 𝜀HOMO) − 𝐼. (6.9) 
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7.2 Computational Details 

The calculations were performed in the MOLPRO 2015 program.217, 218 Single 

point energy calculations were performed on the neutral, cationic, and anionic 

species with the PBE285 DFT functional and the aug-cc-pVTZ286-288 basis set. 

Additionally, the COSMO289 model within MOLPRO was used to incorporate the 

effect of solvent.  

The values in Table 7.1 were calculated using the equations found in the 

previous section. Vertical ionization energy, 𝐼, was calculated as shown in eq. 6.4 

using the difference in energy between the cationic (𝐸𝑁−1) and neutral species 

(𝐸𝑁). Chemical hardness was then calculated using eq. 6.8, which requires 𝐼, 

𝜀HOMO, and 𝜀LUMO. 

7.3 Results and Discussion 

The experimental work found that complex Gd1 (Figure 7.1) had an affinity for 

only four anions: strong affinities for phosphate and arsenate, and weak affinities 

for fluoride and bicarbonate, whereas Gd2, which has a similar geometry and the 

same charge as Gd1, does not have any affinity for these anions. To explain this 

phenomenon, we turn to certain properties, such as absolute hardness (Table 7.1), 

Gibbs free energy of hydration, radius of the anion, and the pKa of the conjugate 

acid of the coordinating ions, which are reported in Table 7.2.237  

The computational data for this project is shown below in Table 7.1, where the 

reported values of chemical hardness for F-, HCO3
-, HPO4

2-, H2PO4
-, HAsO4

2-, and 

H2AsO4
- are presented. 
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Table 7.1: HOMO and LUMO orbital energies, Ionization Energy (𝐼), and hardness 
(𝜂) of anions calculated at PBE/aug-cc-pVTZ with COSMO solvation, reported in 

eV. 

 

 
Reprinted with permission from Raju, M. V. R.;  Wilharm, R. K.;  Dresel, M. J.;  McGreal, 
M. E.;  Mansergh, J. P.;  Marting, S. T.;  Goodpaster, J. D.; Pierre, V. C. Inorganic 
Chemistry 2019, 58 (22), 15189-15201. Copyright 2019 American Chemical Society  

The fluoride anion, as expected via chemical intuition, has the highest hardness 

value at 5.81 eV. Additionally, our values for the various properties shown in Table 

7.1 are almost the same as reported in the literature proposing this method of 

calculating hardness, the deviations attributed to the difference in implicit solvation 

models and computational software used.280  

The order of anion hardness, from increasing to decreasing, matches what one 

would expect based on chemical intuition.  

F- > HCO3
- > H2PO4

- > H2AsO4
- > HPO4

2- > HAsO4
2- 

Hard bases are typically small, compact, and nonpolarizable. Additionally, more 

negative charge means a system is more easily polarizable, so would lead to softer 

bases. Based on this information, it makes sense that the P containing anions are 

Anion 𝜺𝐇𝐎𝐌𝐎 𝜺𝐋𝐔𝐌𝐎 𝑰 (eq. 6.4) 𝜼 (eq. 6.8) 

F- -5.72 2.45 7.45 5.81 

HCO3
- -5.25 -0.37 6.34 3.52 

HPO4
2- -4.46 -0.38 5.19 2.77 

H2PO4
- -5.93 -0.68 6.78 3.48 

HAsO4
2- -4.83 -0.78 5.49 2.68 

H2AsO4
- -6.05 -1.34 6.91 3.22 
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harder than the corresponding As containing anions since P is smaller than As, 

and that the anions with a net -2 charge are softer than the anions with a net -1 

charge since they are more easily polarized. HCO3
- is both smaller than P and As 

and less polarizable than the -2 charged anions, so that placement follows 

chemical intuition as well.  

 The calculated absolute hardness, while following chemical intuition, does not 

fit the observed trend for anion affinity for Gd1. As previously stated, Gd1 only 

weakly associates with fluoride anions, which were found to be the hardest of the 

calculated anions, while the same complex has a stronger affinity for the softer 

phosphate and arsenate anions. Lanthanides are considered hard acids following 

Pearson’s hard and soft acid-base theory,290 therefore the stronger anion affinity 

for the softer bases is unexpected.  

Table 7.2: Gibbs Free Energy of Hydration, Radius, and pKa of Conjugate Acid of 
Coordinating Anions. 

 ΔG°hydration (kJ/mol) Radius (Å) pKa of conjugate acid 

HPO4
2- -465 2.38 7.2 

H2PO4
- - - 2.1 

HAsO4
2- - 2.48 6.94 

H2AsO4
- - - 2.2 

HCO3
- -335 1.56 6.3 

F- -465 1.26 3.21 

 
Adapted with permission from Raju, M. V. R.;  Wilharm, R. K.;  Dresel, M. J.;  McGreal, M. 
E.;  Mansergh, J. P.;  Marting, S. T.;  Goodpaster, J. D.; Pierre, V. C. Inorganic Chemistry 
2019, 58 (22), 15189-15201. Copyright 2019 American Chemical Society  

Additionally, due to the stronger affinity for the larger phosphate and arsenate 

ions compared to the smaller fluoride anion, the anion affinities are likely not 
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related to the size of the anion nor the steric hindrance of the coordinated ligands. 

Finally, the hydration energies between H2PO4
- and F- are nearly identical at 298K 

(-465 kJ/mol for both anions shown in Table 7.2), therefore this is also unlikely to 

explain the observed selectivity of Gd1.  

There is, however, a trend between the selectivity of Gd1 for anions and the 

basicity of the anion. Considering only the monoprotic form of phosphate and 

arsenate, the trend in basicity of the anions: HPO4
2− > HAsO4

2− > HCO3
− > F−, is 

identical to that observed for the affinity of Gd1 for the anions. Gd1 has no 

significant affinity for any of the other anions tested. 

Importantly, the trend observed with Gd1 also holds for the other tripodal 

complexes. Gd3, a complex that also has the same charge and similar geometry 

to Gd1 and Gd2, shows the same trend in its affinity for anions: HPO4
2− > HAsO4

2− 

> HCO3
− > F−. Phosphate, in this case, is too strong an anion for Gd3 such that it 

replaces the tripodal ligand resulting in the formation of a gadolinium phosphate 

salt. The weaker binding arsenate still forms a quaternary complex with Gd3, 

replacing both water molecules that natively occupy the binding site. In this case, 

the conjugate acid of the tripodal ligand 3 is less acidic than the conjugate acid of 

ligand 1, and the corresponding Gd3 has a slightly higher affinity constant for 

arsenate than Gd1. As for Gd1, Gd3 also only forms ternary complexes with 

bicarbonate and fluoride, with similar affinities than observed with Gd1. Notably, 

Gd3, like Gd1 and Gd2, does not respond to the other anions, including HCO2
−, 

NO2
−, CH3CO2

−, SO4
2−, NO3

−, ClO3
−, BrO3

−, Cl−, or Br− under the conditions tested. 
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7.4 Conclusion 

In summary, we have explored various properties associated with anion affinity 

for various Gd (III) containing complexes. Specifically in this chapter, we explored 

the differences between the Gd1 and Gd2 complexes to elucidate the phenomena 

that cause strong affinity of phosphates and arsenates to Gd1 but no anion affinity 

for Gd2. This is of particular interest considering these complexes have very similar 

architecture and the same overall charge. Based on the results in Table 7.1 and 

Table 7.2, we found that there is a trend between the anion affinities for Gd1 and 

the basicity of the anions that is also consistent with the anion affinity and basicity 

trends for Gd3, a structurally similar and charge consistent complex with Gd1. The 

results discussed in this chapter do not elucidate rationale for the lack of anion 

affinity in Gd2. However, the stability of the Gd2 complex is higher than the stability 

of the other Gd-containing complexes, as determined by the calculated conditional 

stability constants (19.3 Gd2, 15.9 Gd1, and 15.5 for Gd3), therefore the most 

stable of the Gd(III)-containing complexes have no affinity for coordinating anions. 

Further information about the stability constants can be found in the published 

article.237  

While the trends in absolute chemical hardness did not match the trends in 

anion affinity for these Gd (III) complexes, this project also showed that 

computational calculation of chemical hardness is possible and follows chemical 

intuition. This is important for application to other future projects, as chemical 

hardness can be used to further characterize certain properties or trends in other 
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complex metal systems, such as assessing whether hardness of certain charged 

ligands coordinated to Fe plays a role in the biomimetic mutations on the [NiFe]-

hydrogenase active site as discussed in Chapter 4.   
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8. Conclusion 

In this dissertation, various transition metal systems were studied using DFT 

methods to elucidate electronic information about various properties of the 

systems. This work has shown that high quality model systems can elucidate 

structural, mechanistic, functional, charge, and redox information to further 

knowledge about the specific chemical bond making and breaking processes 

involved in catalysis.  

Much of the work performed was to discover the features of the [NiFe]-

hydrogenase active site that catalyze the reversible hydrogen oxidation reaction. 

We discovered that the function and catalytic activity of the enzyme is modulated 

by the highly conserved structure of the active site, with the four Cys residues 

acting as a scaffold for H2 binding and cleavage, and the Fe-coordinated inorganic 

ligands, which modulate the redox character of the active site.  

In Chapter 2, we explored the various model sizes and degrees of constraint 

imposed on the active site, as well as the mechanism of catalysis. We found that 

the regeneration process of the Ni-SIa catalyst most likely occurs through 

spontaneous electron ejection in the Ni-L intermediate, followed by H+ dissociation 

instead of a coupled proton/electron dissociation step. From our analysis of the 

best models used to describe the active site of this enzyme (Models 2C and 3B), 

we are also able to interpret the structure/function relationships in this catalytic 

process. Specifically, we found that slight changes in the 

[(RS)2Ni(SR)2Fe(CO)(CN)2] core active site structure caused changes in the 
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overall reaction energy, indicating that the geometry modulates the catalytic 

activity. Additionally, these various models tested also show that the Cys residue 

orientation is highly conserved and acts as a scaffold for the active site geometry.  

In Chapter 3, we explored amino acid mutations based on some experimental 

work performed29 that shows a shutdown in catalysis upon mutation of a highly 

conserved Arg residue to Lys. We performed calculations using model 2C from 

Chapter 2 with inclusion of four additional amino acid residues that were tested 

and shown to have significant decrease of catalytic activity. While we were unable 

to explain this shutdown in catalysis due to consistent overall energies for these 

mutated systems, we do find further evidence of the scaffold properties of the Cys 

residues as well as the relationship between the conserved structure of the active 

site and the overall catalytic activity.  

The last chapter focused on [NiFe]-hydrogenase focuses on making changes 

to the active site inspired by biomimetic models that are currently developed. 19, 96-

98, 100-102 We specifically studied the influence of manipulation of the Fe-

coordinated ligands, as well as the influence of changing the bridging -Cys 

residues. We found that changing the electron donating or withdrawing nature of 

a CN ligand changes the redox character of the active site. Mainly, a more electron 

withdrawing ligand pulls the electron density away from Fe, destabilizing the Ni-Fe 

cooperativity which no longer has the ability to spontaneously eject an electron to 

the proximal [4Fe-4S] cluster; conversely, more electron donating groups donate 

electron density to the Fe, further stabilizing the Ni-Fe cooperativity and finding 
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possible spontaneous electron ejection at all steps tested in the catalytic cycle. 

Additionally, we found that replacement of the 2 CN ligands with Cp derived groups 

causes unfavorable distortion of the active site structure, namely elongation of the 

Ni-Fe bond, which inhibits formation of the -H bridging ligand as well as an 

increase in the overall energy for catalysis. Finally, we found that changing the 

bridging Cys residues to the pdt-derived ligands distorts the geometry at the Ni 

center through elongation of the S-S distance between the bidentate dithiolate 

functional group compared to the native Cys residues, resulting in an increase of 

overall reaction energy, although these ligands do show that the redox character 

of the active site is unchanged compared to the native. This project is a 

computational experiment, where we can probe exactly how each specific change 

influences the catalytic and redox character of the enzyme activity to inform 

experimental work. Further work on the Ni-bound terminal modifications is 

currently being performed.  

In Chapter 5, we studied another transition metal enzyme system, non-heme 

Fe halogenase SyrB2, which natively chlorinates the L-Thr residue of the substrate 

SyrB1-PPant-L-Thr system, for the potential to fluorinate the substrate with slight 

modification of the enzyme. Specifically, modification of the native ⍺KG ligand to 

an NOG ligand has been experimentally shown to be active in fluorination. While 

this work is still ongoing, we have found that the Cl- binds more strongly to Fe in 

the presence of ⍺KG as opposed to NOG, whereas the F- binds more strongly to 

Fe in the presence of NOG as opposed to ⍺KG. This can be attributed to the 
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influence of the difference in electronegativity of the halides on the partial charge 

of the Fe. The NBO charges of the various ligand/halide combinations were also 

studied but did not show any conclusive results regarding the chemical reason the 

NOG/F combination is viable. Finally, analysis of the mechanism for the 

halogenation of the substrate is also ongoing, but we can see the halogenation 

step is very exergonic, and assuming the formation of the highly active Fe(IV)=O 

intermediate, IM3, this reaction will proceed to form SyrB1-PPant-4-X-L-Thr where 

X is either Cl or F. Finally, we showed for the NOG/F ligand/halogen combination, 

the competing hydroxylation pathway would have to overcome a 14.2 kcal/mol 

reorientation, meaning the fluorination pathway is the most likely mechanism and 

that the competing hydroxylation pathway is unlikely to occur. Further work on this 

system includes analysis of the competing hydroxylation pathway for the other 

ligand/halogen combinations, as well as determination of the mechanism through 

isolation of transition states, which is currently ongoing.  

 In Chapter 6, we studied carbodiimide synthesis via catalytic nitrene transfer to 

isocyanides using diazenes or azides, and found that can be accomplished with 

the simple Ti imido halide complex [Br2Ti(NtBu)py2]2. While the initial isocyanide 

coordination steps indicate an ambiguous ligand environment, it was found that 

the carbodiimide dissociation step likely proceeds while Ti is bound to a diazene 

ligand in an overall associative ligand exchange process, given that the barrier for 

carbodiimide dissociation is significantly lower with this combination than all other 

possibilities probed. The low barrier for azobenzene-bound Ti to dissociate an 2-
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carbodiimide is a result of the azobenzene acting as a redox buffer, immediately 

accepting a pair of electrons upon dissociation of the 2-carbodiimide and 

circumventing a discrete TiII intermediate. In addition, the unanticipated formation 

of the symmetrical carbodiimide tBuNCNtBu, a byproduct observed during 

catalysis, was proposed to form via a rare isocyanide metathesis mechanism 

evidenced through both experiment and DFT analysis. Importantly, this study 

showed that substrates that can participate in synergistic backbonding/redox 

buffering to significantly reduce the barrier for overall redox processes, which may 

provide further avenues for exploring early transition metal redox catalysis outside 

of more classical redox noninnocent ligand designs. 

The final study performed in Chapter 7 explored various properties associated 

with anion affinity for various Gd (III) containing complexes. Specifically in this 

chapter, the Gd1 and Gd2 complexes were studied to elucidate the phenomena 

that cause strong affinity of phosphates and arsenates to Gd1 but no anion affinity 

for Gd2. We found that there is a trend between the anion affinities for Gd1 and 

the basicity of the anions that is also consistent with the anion affinity and basicity 

trends for Gd3. The results discussed in this chapter do not elucidate rationale for 

the lack of anion affinity in Gd2. However, the stability of the Gd2 complex is higher 

than the stability of the other Gd-containing complexes, therefore the most stable 

of the Gd (III)-containing complexes have no affinity for coordinating anions.  

Overall, this dissertation has shown that chemical phenomena associated with 

transition metal catalysis can be successfully modeled and studied using DFT 
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electronic structure methods. Additionally, these electronic structure calculations 

provide valuable insight into the structure/function relationships within the 

metalloenzyme systems studied, as well as elucidation of other synthetic catalytic 

processes. Calculation of chemical and physical phenomena that cannot be 

studied in the laboratory setting allows for collaboration and symbiosis between 

experiment and computation for a more complete and thorough understanding of 

these complex but important chemical or biochemical systems.  

The field of metalloenzyme catalysis is an important field of study, as we have 

justified in previous chapters. These large enzyme systems were evolved to 

perform  specific functions in the most efficient way possible, which is why 

scientists look to nature for inspiration for large scale synthetic catalysts.10, 291 The 

evolutionary line of many of these enzymes dates back to the Hadean period when 

carbon fixation was necessary for the synthesis of macromolecular compounds 

which resulted in the creation of organic materials,291, 292 therefore these enzymes 

have had over 4 billion years to evolve and optimize. In addition, metalloenzymes 

make up approximately half of all known enzymes,293 with the various transition 

metals for the catalytically active metalloenzymes including V, Mn, Fe, Co, Ni, Cu, 

Mo, and W.291 The use of computational methods for studying these systems, 

specifically electronic structure methods, allows for in-depth study of the bond 

making and breaking processes that occur within the enzyme in ways that cannot 

be studied in the lab. This has many benefits, from understanding what 

structure/function relationships exist in these systems, to predicting the influence 
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of mutations or other structural changes, or even to providing information to inform 

experimentalists attempting to create biomimics for performing the various 

important processes in these highly active protein environments, as seen in 

Chapters 2-5.  

From this end, there are a few logical next steps to be taken. The methods 

discussed throughout this thesis offer a systematic way to analyze what 

components are important in the active region for enzymes, and therefore can be 

applied to many other metalloenzymes to really understand what most strongly 

influences catalytic activity for those systems. One direction to take would be the 

study of new catalytic metalloenzyme systems. Hydrogenases have been 

extensively discussed here, but other enzymes with similar features, specifically 

FeS and (Fe,Ni)S centers, include acetyl CoA-synthase and carbon monoxide 

dehydrogenase.291 Studies similar to what has been performed here could be done 

on these enzyme systems to elucidate important chemical and structural features 

that contribute to catalysis.  

Another direction would be to study these enzyme systems through the lens of 

biomimetic inspired catalysis, as discussed in Chapter 4. Creating this 

“computational experiment” where specific changes are made one at a time to 

determine how the modification influences the enzyme, catalysis, and other 

properties could help influence the choices experimentalists make in lab. 

Experimentalists can then advise the computational chemists of changes that 

could feasibly be done in the lab, or what has/has not worked, creating a feedback-
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loop where computation informs experiment which informs computation, etc. with 

the eventual goal of developing new synthetic analogues that are as efficient as 

the enzymes they are based upon, or providing new syntheses of important 

compounds with milder conditions and more environmentally friendly methods.  
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